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ABSTRACT

There are five living species of rhinocernbabitingAfrica and Asia black rhinoceros
(Diceros bicorni$, white rhinoceros@eratotherium simuinindian rhinocerosKhinoceros
unicornig, Javan rhinocerofkfiinoceros sondaiciand Sumatran rhinocerddi¢erorhinus
sumatrensis Anthropogenic activities, such as poaching and habitat disrupidee, lel to steep
declines inthe population size oéll rhinocerospeciesplacing them in danger of extinction
The development of genetic markers dssessment of diversity m¢utral and adaptive locan
be used taddress number of questions that walid in the conservation of rhirmeros
populationsbothex situand in the wildln order to evaluate genetic diversity in rhinoceros
populationsl investigatedhree researchuestionghatwill contributesubstantiallyto the
conservation and managementluhoceros species

(1) Accurate estimates of population size are often difficult to obtain for rhinoceros
species that are elusive or prefer dense habitat. Knowimgeébesenumber of individuals in an
area is essential for managers to develop and implesnaservation plans that address the
issues facing a particular population. To enable the use of molecular methods for censusing of
rhinoceros population9 novel Sumatran rhinocerasicrosatellitesand 17 novel black
rhinoceros microsatellitasere characterized fronert generation sequencing d&tause with
low quality DNA extractd from norinvasively collected fecal samples subset of these
markerds sufficient for identification of individuals based om Bnd Rbsin values. Througla
series obptimizationsteps | was able to show that these markers can be successfully used
obtain genotypes from fecal samples. These markers are of particularly importance for Sumatran
rhinoceros populatiorsince the reported number of individinas beewlifficult to accurately
estimate andrastically overstatedtudies aimed at implementing these markers for estimating
census size in wild rhinoceros populations are ongoing.

(2) The Sumatran rhinocerognce widespread across Southeast Asia,cmwists of ca.
100 individualsprimarily foundin three isolated populations on the island of Sumaioa.
studies have examined the population genetic structure of Sumatran rhinocerdsalsimyes
beyond mitochondrial restriction mappiagalysis Given the requirement for substantial
management of the remaining Sumatran rhino populations in the wild araitubreeding
facilities, more information regarding their genetic status needs to be avdilade.

mitochondriaDNA sequencefom modernandarchivalmuseum samples to assess genetic



diversityand structureAmong all sampleshaplotype diversityvas high;samples identified as
being members of treubspecie®. s. sumatrensiformed a cluster containirignhaplotypes.
The number of haplotypes atite haplotype diversitamong the museum sampledofs.
sumatrensisverehigherthanin the modern sampleven after rarefactiosuggestinghat
genetic diversity has been I the population has declinddicrosatellitedata from the
modernsamples indicated low diversignd showedhe presence dghreedistinct genetic
clustersassociated with geographic barséy gene flomwithin themodernpopulation.
Continualisolation ofthe extantpopulationsvithout managementterventionwill likely result
in further loss of genetidiversity.

(3) Adaptive lociwithin the immune systemossess crucial information about tislity
of a populatiorto resist infectious pathogerioll-like receptors (TLR) bind pathogespecific
molecules and initiate both innate and adaptive immune responses, andhyhios of particular
relevance to conservatigeneticists anchanagement authoritieksequenced gene regions
coding for the extracellular domaim eght TLR loci in easterrblack (D. b. michaelj, south
central blackD. b. mino), andsouthernwhite (C. s. simurprhinos from North American zoos
andex situbreeding facilitiesAdditionally, mitochondrial control region haplotypes were
sequenced for all individuals and mtticus genotypes were obtainfxt the black rhinos
Overall, diversity was very lowt TLR and mitochondrial lo@mong whitehinos.Black rhinos
exhibited higher levels of diversity at the TLR loci than white rhinBstween subspecighe
southcentral back rhino was less diverse than the eastern black rhino at the TLR genes
however, they share some haplotypes at all TLR Mitochondrial haplotypes and
microsatellite genotypes support strong differentiation between the two studied subspecies
UniqueTLR haplotypesand differentiation at mitochondrial and microsatellite loetween the
black rhinoceros subspecies were identifieghp®rting the continued management of the taxa as
two separate conservation units. Limited variation in the TLR genée dftican rhinos,
especially the white rhinoceros, suggests thaettodutionarypotential of the immune system is
limited. Futuremanagemengffortsandbreeding programs for rhinoceros species should seek to

preserve immune system diversity.



i D otmedtoo timid and squeamish about your actions. All life is an experiment. The more
experi ments vy o uRalpaWaido Enfesonbet t er . 0

For the future.



ACKNOWLEDGEMENTS

| would like to thank my advisor Dr. Alfred Roca for giving me the opportunity to join
his labat the University of lllinois at Urbar@hampaignUnder his guidance | have had
numerous unique and rare opportunities to explore the field of conservatidicgand
genomics. The skills | have |l earned and the c
graduate student will be of immeasurable value to me (and wildlife) as | continue my Dareer.
Roca has pushed me to pursmpactfulconservatiomesearchby wayof rigorous methodology
and analysisvithout using a black boapproachrandhand wavingFor this leadership and his
trust in the qualityand intellectual meribf my research | am gratefulwould also like to thank
my committee members, Drs. Amy Fischer, Ripan Malhiamda Kukekovdor their
participation and patience with me throughout this process

| am especiallgrateful tomy partnerin all things Adam.You haveprovided endless
encouragement, support, comfort, and laughtet only are you my biggest fan, but you serve
as a sounding board (anaften justifiedi critic) for my professional and personal decisions
Our MnAsomeday, Thankeyoudoaopting to take thieywey with meAlso, to Lily
'y o u éhade me laugh evaiterthe worst dayi the lab / officeYou 6 r e a prletty co
hope you explore the world asthy a free spirit. am also thankful tony parentsJohn and
Rebecca Bergeron for encouraging ta continue on through my education. Similarly, Joshua
and Zachary Bergeron addne, Don, and Gloria Branidhve alwaysupporedmein my
academic endeavorshope that everyone has gotten sarhecklesout of my grad school and
lab work adventuredt seems like it has taken a long time to get herel hope that | have
made you all proud.

To all of my research assistants, particulddgob Rayapatvan Emmel and McKenzie
Canty, thank you for your hard work and dedication in thellam gratéul to my laband office
mates, Dr. Yasuko Ishida, Kai Zhao, Christina Rilidulope PerrinStowe and Alida de
Flamingh for technical assistance, project discussionscantmiserationAnd to all the other
graduate students and friends near and far!

| would like to thankmy manyco-authors and collaborato®y. Peter de Groot, Dr.

Oliver Ryder, andr. Cynthia Steinerfor their input and contributions to this woilr. Ripan
Malhi and his lab members for training and access to the ancient DNBitgt.Kotting and the
Namibian Ministry of Environment and Tourisendlsabella Apriyana, Dr. Helena SuryaDi,.

\Y



Herawati Sudoyoand Eijkman Institutéor samples and collaborations in state range countries
Samples were generously provided by the foilim people and organizations: Dr. Burton Lim
(Royal Ontario Museum)lacqueline Mille(Royal Ontario Museum), Renata Mill@ry. Terri
Roth(Cincinnati Zoo), Dr. Oliver RydelISan Di ego Zoo6s I nstitute for
Dr. Cynthia Steiner (Sabi ego Zoo6s I nstitut dossilikimWMidife ser vat
Center; White Oaks Conservation CenterCi nci nnati Zoo, Di sneyds An
Z00, Lincoln Park Zog Cleveland Metroparks Zoo, Lion Country Safaowry Park Zoo
Indianapdis Zoo, National Museum of Natural History of the Netherlaridational Museum of
Natural Historyi SmithsonianPalaeontological Museum MunicNational Museum of Natural
History (Paris) Natural History Museum of BeriNatural History Museum Viennandthe
American Museum of Natural Histari?ermission foBumatran rhinoceros samplellection
was generously given lifie Indonesian National Government ahd Malaysian National
Government. Thank you to the USFWS inspectors at the Memphis Wildlife Inspection Office for
assistance and guidance during the import process.

Generous funding for this research came ftbeninternational Rhino Foundation ane th
United State Fish and Wildlife Service Rhinoceros and Tiger Conservation Fund. JRB was
supported by the UIUC Graduate College Dissertation Completion Fellowship. Funding for
international travel to collect samples and build collaborations was providedRiy
International Rsearch and Learning Fellowshigniversity of lllinois Graduate Cage-
Dissertation Travel Grant, amdCES Graduate StudeInternational Research Grant.
Endorsement for this research was provided byAgsociation and Zoos & Aquariums Rb
Advisory Group and Rhino Research Courkkiésearch facilities and support came from the
Department of Animal Sciences, College of ACES, and the University of Illinois at Urbana
Champaign.

Vi



TABLE OF CONTENTS

CHAPTER 1: INTRODUCTION and LITERATURE RE¥W.........ccuuiiiiiiiiiiiiiiiceeieeeeeeaen 1
White rhinoceros@eratotherium SIMUIN...........ouiuiiiii e 1
Black rhinocerosmiCeros DICOINIS. ........coooiiiiiiiiiiece e a e e e e e 5
Indian rhinoceroSKNINOCEIOS UNICOMM)S......cuuuuiiiiiiiiiiie e e ettt e e e e e e e e e e enees s e e e e e e eaeeaees 8
Javan rhinoceroRNINOCEIOS SONUAICHS. .......uvuruuuiiiee e e e e e cceeiir e e e e e e e e e e e e e e e rerer e e e e e e e aeaeeeees] 9
Sumatran rhinocero®{cerorhinus SUMArENGS.......uuuuiiiiiiiiee e ceeeie e 11
ROiNOCEroS PhYIOgENETICS........vviiiiiiies i eeee e e e e e e e e e e e e nnneeeeeeeeas 12
RESEAICIDDJECHIVES. ...t e et e e et e e e eees s e s e e e e e e e e eeeens 13
T T3PS 15

CHAPTER 2: DEVELOPMENT AND CHARACTERIZATION OF MICROSATELLITE
MARKERS FROM NEXT GENERATION SEQUENCING FOR UTIEZATION IN LOW

QUALITY DNA FROM DUNG.....cctiiiiiiiiiiieiiee et nees s 25
Y 011 - VX P 25
0o (1T 1o ] o PO 26
Methods and MatErIAS. .......ccoeiiii e eeees e eeee et e e s e enesnnnnns 29
= 1 1] 0] 2 USSR 29
Black rhinoceros marker deSIign........oooii oo 30
Sumatran rhinoceros marker deSign...........coooviiiiiiiicen e 30
Microsatellite molecular characterization............cccccoiiiiieee e 32
Optimization for amplification in fecal samples.............cccoviiiiieeee e 33
Fecal genotyping error rate @nalySiS.........cuuiiiiiiiiiiiieeeeeeee e 36
RESUILS. ...ttt oo e ettt e e bbbttt et e e e e e e snr e e e e e 37
Black rhino marker design and charal@ation................cooooiiiiiiiicce e 37
Sumatran rhino marker design and characterization................ccccecccevveeeeiiiviviieneenn. 38
Optimization for fecal aNalySIS..........cuuiiiii i 39
[ =Tor- 1 e =T 0] o1 aTo I g (o] g - 1= SPSPS 41
3 o U7 o ) o P 43
JLIE= 1 0] L= PP PPPPRRPRPOY 48
CHAPTER 3: GENETIC STRUCTURING AND REDUCED DIVERSITY OF SUMATRAN
RHINOCEROS DICERORHINUS SUMATRENG .....covvvviiiiieeeieeeeeeeeeee e 63
Y 0153 = Lo APPSO PUPPRRR 63
0T 5o 1o USSP USPPRR 64
Methods aNd MALEIIAIS. ........ueiiiiiiiiie e e e e 67
SAIMPIES . ..ot 67
Sample preparation and DNA eXtraCtion..........cceeuuuiiiiieieeereeeeeeiinee e e eneer e e eeenns 68
PCR @amplifiCatION.......cooiiiiiii ettt e e e e e e e e e e e s et e e e e e e e e e as 68
Mitochondrial control region sequencing and analySiS...........cccceiveiiieeneeeeeiiiiie e, 69
Microsatellite genotyping and aNalYSLS............uuuuiiiiiiiiieeeiiiiiiiiiiieee e 70
R ESUIES. .ottt et e e e e eenn s 71
Mitochondrial control region anNalYSIS...........uuviiiiiiiiiiiee e 71
Microsatellite analYSIS........cccoiiiiiiii i 72
9 o U7 o ) o P 73

vii



Tables and FIQUIES.......cooo ittt e e e e e e s smensn e e s e nneeeeennaid 1

CHAPTER 4: TOLL:-LIKE RECEPTOR DIVERSITY IN AFRICAN RHINOCEROS SPECIES

.................................................................................................................................. 89
Y 0111 7= V! PP 89
Yoo [1 [ i o] o PP 90
MethodSand MaterTAlS........coouiiiii e eeeee e e s eeeenannn 93
= 10 1] 0] 93
TLR PrIMEIAESION...ceeeeeeeeeeeeeeee e r e seeer e e e 93
TLR and mitochondrial DNA amplification and sequencCing............cceeeeevvvieeeeieeeeennn. 94
TLR NAIYSIS.....etiiiiieeeeiie e 9
Mitochondrial control region analySiS..........ccoeeiiiiiiiiiieeee e 96
Yo oS T= T L= 11 =S PP PPPPUPPRRR 96
RESUILS. ...ttt ettt nnna bbbttt et e e e e e et e e e e e s 97
T R S ettt ettt annn———————————tttataaaaaeeeeaaanres 97
Mitochondrial CONrOl FEGION. .......uueeiiiie e eeeeeee e e e 99
Yo o RST= T (=] 11 (=SSO 100
[ Yo U £33 (o] o PP 100
TabIES ANd FIQUIES... ..ot eeea bbbt e e et e e e e e e s ememr e e e e e e e e e e e eeeeas 104
LITERATURE CITED....iiiiiiiiii ettt eees s s samnnsssnenneees 119

Appendix A Black rhino microsatellite genotype data used for assessment of variahility39
Appendix B Sumatran rhino microsatellite genotype data used for assessment of variabiity

Appendix C Microsatellite genotypes o8lmodern Sumatran rhinoceros individuals......141
Appendix D Mitochondrial control region sequence alignment for modern and museum
Sumatran rhiNOCEroS SAMPIES. ......cooiiiiii e e e e e 142
Appendix E Mitochondrial control region sequence alignment for two subspecies of black
10T ToT o =T 3 145
Appendix E Mitochondrial control region sequence alignment for white rhinoceros......148
Appendix G Microsatellite genotypes for two subspecies of black rhinoceras.............. 151
Appendix H Inferred TLR1 amino acid sequence for white and black rhinoceras......... 152
Appendix | Inferred TLR2 amino acid sequence for white and black rhinoceros........... 156
Appendix J Inferred TLR3 amino acid sequence for white and black rhinoceros........... 160
Apperdix K. Inferred TLR4 amino acid sequence for white and black rhinoceras......... 164
Appendix L Inferred TLR5 amino acid sequence for white and black rhinoceros.......... 168
Appendix M Inferred TLR6 amino acid sequence for white and black rhinoceros......... 172
Appendix N Inferred TLR7 amino acid sequence for white and black rhinoceras......... 176
Appendix Q Inferred TLR10amino acid sequence for white and black rhinoceros......... 181

viii



CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

All extant members of the family Rhinocerotidae are charismatic megafaurnateat
experienced range wide population declines andbageted species fonanagementhrough
wildlife conservation program$here are five living species of rhinoceros: black rhinoceros
(Diceros bicorni$ and white rhinocerogeratotherium simuijnin Africa; and Indian rhinoceros
(Rhinoceros unicorn)s Javan rhinocerosRhinoceros sondaiciygand Sumatran rhinoceros
(Dicerorhinus sumatrensjsn Asia. High levels of poaching and habitat destruction baes
the cause ofonsiderable population declines in all rhinoceros species, resulting in the
persistencef only remnant populations that arfteensmall and fragmented with subsequently
restricted gene floLinklater 2003; Scott 2008; Guerier et al. 2Q1&]) rhinoceros taxa are
considered to be in danger of extincti@cott 2008 CITES2010) with the exception of the
southern white rhinoceros subspeci€sg. simur)) which islisted aghreatened under the
Endangered Species Act aindluded inAppendix Il ofthe Convention on International Trade in
Endangered Species (CITES) as a taxon in neegofated tradeSuch @creases in population
size can greatly reduce the amount of genetic diversity present in a species and negatively affect
long-term population survivglFrankham 1996;an Coeverden de Groot et al. 2Q1plecular
tools can be implemented the conservation management of thegecies by providing
informationon genetic diversity and population structure within and among populations;
estimating total and effective population sizes; assessing population viability; elucidating
historical and contemporary gene flow pattedeterminingmating systemsand identying

unique evolutionary lineagéPeYoung & Honeycutt 2005)

White rhinoceros (Ceratotherium simum)

The white rhinoceroJeratotherium simuimcurrently the most numerous rhinoceros
species, has two designated subspecies, the northern whiteGhma¢tton) and the southern
white rhino C. s. simur Conflicting evidence on the level of divergence between the
subspecies has left their taxomic standing in question. Limited variation between the white
rhinoceros subspecies was reported by Merenlender and others (1989) based on analysis of

allozymes, leading them to suggest that the white rhino subspecies may represent populations



from two extemes of a previously contiguous range. Howeslassification as distinct
subspecies has been supported lyvitochondrial restriction magtudies showing
divergences of 4% and 1.4% between northern and southern white rhinos compared to
differences off% and 4.5%, respectively, between black and white ri{@esrge et al. 1983;
George et al. 1993Morales and Melnick (1994pund additional support for the subspecies
designation, suggesting that the two populations had diverged into evolutionarily independent
lineages appramately one million years ago. A recent analysis of mitochondridb@p, 12S,
and NADH) and nuclealmelogeniiloci with morphological data indicatexlibstantial
divergence (0.75 to 1.4 million years ago) between the subspecies, leading to theosutige st
they should be reclassified as separate spéGieses et al. 2010 Currentwhole genome
analysis is being undertaken to resdiveir taxonomic standing and providevaath of much
needed genetic information for theéaga(Ryder et al. 2015)As of now,management efforts
continue to treat the two populations as separate and evolutionarily unique subspecies of
Ceratotherium simum

Only threeindividuals of thecritically endangeredorthern white rhinoceros subspecies
(C. s. cottoniremain. The northern white rhitstorically occurred inparts ofCentral African
Republic,Chad, South Sudan, and Ugarftidiman-Smith et al. 1986; Emslie & Brooks 1999)
(Figure 11). Thethreeremaning individualsconsistof an oldemale and two females that are
believed to be unable to reproduce naturally; they currently reside in Ol Pejeta Consgrvancy
Kenyawhere they are under constant armed prote¢&onslie et al. 2013Efforts tosawe this
subspecies are noWwoking towardcryopreservation of living cells and artificial reproductive
techniquegRyder et al. 2015)The southern white rhino subspecies waserous and
widespread in the 1800s, distributed mairdyth of the Zambezi River across presgay
Southeastern Angola, Botswana, Mozambique, Eastern Namibia, South Africa, Swaziland,
Southwestern Zambia, and ZimbabyW@umming et al. 1990; Emslie & Bos 1999)Figure
1). By the late 1800s the southern white rhinoceros was thought to be extinct as a result of
overhunting and habitat loss. However, a small remnant population of between 20 and 100
individuals, from which the current population originated, was discovenatianis today the
KwaZulu-Natal province of South AfricéGroves 1972)Protection and conservation efforts
allowed for rapid recovery to a current estimated popriatize of more than 20,00Bmslie et
al. 2013; Labuschagne et al. 2018jth South Africa containing more than 90% of the



individuals. Smaller populations founded through reintroductions are present in former range
states of: Botswana, Mozambique, Namibia, Swaziland, Zambia, and Zimbabwe, and also in
countries outside of the historic range: Kenya and Ugéaitslie & Brooks 1999; Emslie et al.
2013) A recent increase in poaching has put many white rhinoceros populationgBtnsie

et al. 2013; Harper et al. 201 &specially those that are small and isolated.

Despite the successful recovery of theafithern white rhinocerppopulations arstill
limited in size and lack gene flowith each otherthus maintenance of genetic diversity is a
primarygoal of conservation effor{&rankham 2005)Two published papers aimed to develop
polymorphic microsatellites for the white rhinoceros: Florescu and others (2@d8jied 5
polymorphic microsatellite loci with-3 alleles per locus, and Hou and colleagues (2012)
identified 27 loci for the white rhino of which none were polymorphic. The high number of
monomorphic loci and the low number of alleles per variable locus noted by both Florescu et al.
(2003) and Hou et al. (2012)dicates that white rhinocerase characterized lgw genetic
diversity. Nielsen and colleagues (2008)esigned primers for the 5 previously published white
rhino microsatellite marker®lorescu et al. 2003)n addition to 16 loci characterized in black
rhinoceros. Of the 21 redesigned maske6 were polymorphic in white rhinosdqk 0.436) and
allele size ranges were nownerlapping for black and white rhinos at seven loci, alloviang
differentiationbetween the African species. Due to dearthof microsatellite loci characterized
in white rhinos many studies have relied on a panel of markers originally developed in black,
Indian, and Sumatran rhingScott 2008; Coutts 2009; Guerier et al. 2012; Harper et al. 2013)
although heterozygosity tends todmnsiderablyower when heterospecific microsatellite loci
are usedScott 2008)

Studies on southern white rhinoceros populatex@miningallozymes, microsatellites,
mitochondrial DNA, and the major histocompatibility complex hdl/eesported low levels of
genetic diversitfMerenlender et al. 1989; O'Ryan & H&r 1993; Scott 2008; Coutts 2009;
Guerier et al. 2012A combination of molecular loevas used to assess whethepylations
seeded through translocatiogmehibitreduced genetic diversity in comparison to their source
population. Individuals from the original source population of HluhkiM#®lozi National Park
in South Africa and three seeded populations were ag@dilyan average observed heterozygosity
of 0.44 (ranging from 0.39 to 0.46), limited mtDNA control region haplotype diveesity
functional monomorphism at the MHC loci indicated overall genetic diversityCoutts 2009)



Coutts (2009) concludes that there is no evidencedefced diversity between recently
translocated populations and the source population; however, the presence of differentiation
between the seeded populations is likely a function of genetic drift and lack of genSrfial.
populations, as exemplified ltige white rhinoceros, are particularly susceptible to loss of
genetic diversity at adaptive and neutral loci through dirifie absence of gene flqglcaide &
Edwards 2011; Guerier et al. 2013)milarly low levek of heterozygosity (d=0.393 and =
0.342, respectively) have been estimated in studies characterizing diversity by using suites of
microsatellite loci designed across spe¢sott 2008; Harper et al. 2013) addition, Guerier
and collegues (2012) used behavioral observations coupled with genotypes from a panel of
microsatellite marker® estimate local diversitfHo = 0.46),assign parentagand create a
pedigree to aid in management and conservation of the white rhinoceros popuriatien
Ongava Game Reserve, Namilf@veralstudies have found that southern white rhinoceros
populations do nahowgenetic signatures of recent population bottlenecks; thus, historic levels
of genetic diversity were likely low prior to recent bottlek&(Scott 2008; Coutts 2009).ow
levels of variability present at microsatellite and mitochondrial markeggesthatwhite rhinos
may be genetically depauperate genome wide

Otherstudies have aimed to characterize genetic markerdesredopmethods for
forensic purposes (e.g., assignment of white rhinoceros products to populations of origin, or
individual identification). Bppin et al. (2010) characterized markers for tharoplification of a
zinc finger (ZF) protein intron in both X and Y chromosomes that differ in size by 7 base pair in
African rhinos and allow for genetic sexing of various specimen types. Harper arsl(@013)
developed an extraction method to obtain DNA of sufficient quality and quantity from
rhinoceros horn for microsatellite genotyping. Individual DNA profiles were then generated
using 22 previously published microsatellite loci designed acrosscetios species, as well as a
marker for sex determinatigieppinet al. 2010) These loci proved capable of assigning
individual identity to specimens and were tested on pail@atl and horn or hair samples
(Harper et al. 2013)n an effort to provide additional markers for identification of the region
from which white rhinoceros products originated sirtthle nucleotide polymorphisms (SNPs)
were characterizeflLabuschagne et al. 2013)bserved heterozygosity was low, ranging from

0.05 to 0.37 across the SNP loci. Investigation theopatterns of diversity at adaptive loci in



white rhinos may provide critical insight into the dynamics of populations that are subject to

intensive management for conservation purposes.

Black rhinoceros (Diceros bicornis)

Prior to 1960black rhinoceospopulationsnumbered well ovet00,000and occupied a
large rangehroughout AfricaEmslie 2012)Figurel1.2). Between 1960 and the mi®90s the
total population of black rhinos had declined by more than 95% as a result of poaching and
habitat alteratiorfHarley etal. 2005; Metzger et al. 2007anr Coeverden de Groot et al. 2011)
the current population is estimated to be ~5,000 individuals. Seven subspecies of the black
rhinoceros were described Byoves(1967) D. b. bicornis D. b. chobensis;D. b. minot D. b.
michaeli D. b. brucii D. b. ladeonsisandD. b. longipesHowever relationships among the
extant subspecie®( b. bicornis D. b. minor,andD. b. michaelj are unresolvedVitochondrial
restriction maps db. b. minorandD. b. michaelishowedrelativelylow sequencéifferentiation
(0.29%) anca divergencdime ofless than 100,000 yediashley et al. 1990)Additional
MtDNA restriction maps from samples attributedtdy. minog D. b. bicornis andD. b.
michaeliwere monomorphic within recognized subspecies and showed low amounts of sequence
differentiation between any pair of subspecies (0.@®dRyan et al. 1994} imited genetic
distanceamong black rhino subspecies may indicate that they are not unique evolutionary
lineageqAshley et & 1990; O'Ryan et al. 1994)ut rather represenpopulationslong a
geographic clinédSwart & Ferguson 1997However, Brown and Houlden (2000), analyzing a
portion of the mitochondrial control region, found a reciprocally monophyletic relationship
betweerD. b. minorandD. b. michaelwith a nucleotide divergence of 2.6%hedivergence
time between the two lineages was estimatdaet0.93 1.3 million years. Other studies
reported anitochondrial control region haplgie networkwith a distinct pattern of divergence
among the black rhinoceros subspefasdersonLederer et al. 2012)noderate genetic
differentiation (st> 0.25) estimated using microsatellite I@darley et al. 2005)and evidence
of variation in chromosomal morphology betwd2rb. minorandD. b. michael(Houck et al.
1995) Despite differences in the reported level of variation it is typically suggested that
recognized subspecies should be managed as separate entities as long agdéagblet al.

1994; Brown & Houlden 2000; Harley et al. 2008)erall, no cosensus has been reached as to



what extent the three extant black rhinoceros subspecies represent distinct and evolutionarily
important lineages.

Microsatellite markers are an important tool for conservation genetics and have been
widely used in studies diflack rhinoceros populations. Polymorphic microsatellites for the black
rhinoceros have been describedByown & Houlden 1999§N = 11) and/Cunningham et al.

1999)(N = 3). These microsatellite markers were used to obtain genotypes from fecal samples,
which, when coupled with bek#ral observationandicated that black rhinos may exhibit a
polygynous mating system (one male mates with multiple females) with high variance in
reproductive success among mgl@arnier et al2001) Nielsen and others (200&8)designed
primers for the microsatellite loci characterized by Brown and Houlden (1999) and other
microsatellite sequences previously submitted to GenBankdok Ibhinoceros, in addition to

five previously publisheavhite rhinoceros microsatellite loffflorescu et al. 2003PDf the
redesigned markers 12 were polymorphic in black rhinesHB.322) and seven loci can be

used to differentiate between African spe¢Nelsen et al. 2008 A panel of microsatellites

(Ho = 0.365) and genetic sexing markers to be used for individual identification of black rhinos
has been developéBeppin et al. 2010; Harper et al. 20X3gnetic markers beyond

mitochondrial control region and microsatellites have not yet been implemented in black rhino
conservation research.

Thesubspecie®. b.bicornisis estimatedo have a population of 1,920 individuals
mostly in Namibia, the current and historic major range state. As few as 90 individuals may have
persisted in Nami bi a auanQoéverdepdae@rodtattli2@la)és | owe
however, protection of populations and frequent translocations withoothery have resulted
in the increasing population trefebn Coeverden de Groot et al. 2Q1lhgividuals from
Nami bi ads Etosha National P aD. k. bi¢comiB, Whichbas ac k r h
grown substantially, are commonly translocated to seed or suppladdtibnalpopulations
(van Coeverden de Groot et al. 201\Nan Coeverden de Grband others (2011) characterized
baseline population genetic data for ENP and Waterberg Plateau Park (partially founded by ENP
individuals); they found anean observed heterozygosity of 0.51, limited population structuring,
no signature of a recent botikck, and evidence of sex biased dispersal (limited female
dispersal). Overall, Waterberg Plateau Park retains a majority of the alleles present in the source

population (87%)van Coeverden de Groot et al. 201@}her studies have found similar level



of heterozygosity iD. b. bicornisusing microsateile loci: Ho = 0.46(Karsten et al. 2011Ho
= 0.40(Scott 2008)and Hb = 0.52(Harley et al. 2005)

TheD. b. michaelpopulation reached a low &#werthan 400 individuals in the 1990s
and is currently the most endangeoédhe extanblack rhino subspecies, widpproximately
740 individuals remaining in Kenyan@jor range state), northern Tanzania, and South Africa
(out of range)Emslie & Brooks 1999; Muya et al. 201D. b. michaeliexhibits the highst
overall levels of genetic variability at mitochondribl< 0.73) and microsatellite loci g+ 0.7),
despite the history of substantial population deqMaya et al. 2011)Genetic structuring
among subpopulations &f. b. michaelin Kenya is limited (except for the isolated Masai Mara
population which underwent an extended and more severe bottleneck than other populations);
absence of structure among populations is potentially due to translocations that maintain gene
flow and reduce geetic drift(Muya et al. 2011)Lack of genetic partitionsuggests that current
management efforts aimed at maintaining distd.i
unnecessary and may have undesired implications on future populatiorstand diversity
(Muya et al. 2011)Among 12 subpopulationsVels of diversityaried considerabl{Ho = 0.48
to 0.8;h = 0.48 to 0.93)which could be a reflection of each populatio s uni que demogr
history(Muya et al. 2Q1). Other studies have consistently found higher levels of variation in the
D. b. michaelsubspecies than in the other black rhino subspecies when examining both
microsatellite diversity (e.g., &+ 0.54,Karsten et al. 203Ho = 0.73 Harley et al. 2005Ho =
0.57, Scott 2008 and mitochondrial haplotype diversitg.g.,h = 0.952, AndersonLederer et al.
2012.

Thesubspecie®. b. minor with 2,220 individuals, has the largest population size of any
black rhino subspecies. The populatisprimarily restricted td&South Africa, where it was
reestablished through translocations from two surviving populations of 110 total individuals in
HluhluweiMfolozi Park and Mkhuze Game Reserve in the KwaZMatal (KZN) province
(Emslie & Brooks 1999; Okit®uma et al. 2007; Karsten et al. 2014 additional population
of 425 rhinos remained in Zimbabwe in the early 1990s and continues to serve as an important
population for theeonservation of this subspecigsnslie 2012)Despite its relatively large size,
multiple studies have demonstrated low genetic diversity ilbthe minorKZN population
(Harley et al. 2005; Karsten dt 2011; AndersofiLederer et al. 2012) ack of genetic diversity
has been foundsingboth microsatellite loci (H= 0.38,Karsten et al. 203Ho = 0.32,Nielsen



et al. 2008 andthe mitochondrial control regiofH = 1; AndersonLederer et al. 2012)n
contrast, aecent study indicated the presence of highierosatellitediversity (Ho = 0.52) and
seven mitochondrial haplotypesthin the Zimbabwean black rhino populatigifotzé et al.
2014) There is no evident sicture among the populations within the KZN provi(Seart &
Ferguson 1997; Karsten et al. 201igwever, thee is structuring betweefimbabwe
populations founded by South Africand those founded hgcal individuals(Kotzé et al.

2014) Itis unclear if the lack of diversity the South African populatios a result of the
bottleneck, although other studies of black rhinos suggest that recent bottlenecks are not
responsible for current patterakgenetic diversity (e.g(Swart et al. 1994jan Coeverden de
Groot et al. 2011)or if this populatiorhas been historically isolated from other lineages
(Karsten et al. 2011; Andersarederer et al. 20125uggestions for management (e.g. genetic
supplementation) of black rhinoceros popwlas with low genetic diversity vary acrassidies.
Since he black rhinoceros occur almost axgilely in remnant populatiorgslillman-Smith &
Groves 1994; Moehlman at. 1996) genetic monitoring and assessment of diversity is needed

for successful conservation planning and management implementation.

Indian rhinoceros (Rhinoceros unicornis)

The Indian rhinoceros (also known as the greater one horned rhina) batimated
historic population size of hundreds of thousands of individuals, inhabiting the region from
Northern Pakistan to Northwestern Myanrflaaiurie 1978; Dinerstein & McCracken 1990;
Zschokke & Baur 2002)Figurel.3). Habitat loss through land clearing and fragmentation
resulted in large scale population decline, which was further exacerbated by poaching pressure
(Zschokke et al. 2011Yhe current estimated population size is approximately 3,250 individuals
(Emslie et al. 2013), with populations confined to reservese thhdian statefAssam, Uttar
Pradesh, and West Benpahd the Himalayan foothills of Southern Nefiaurie et al. 1983;
Foose & van Strien 1997) Assamdés Kaziranga National Par k a
contain one of the main populations of about 2700 individddésenlender et al. 1989;
Zschokke et al. 2011; Emslie et al. 20li8rreased from an estimated low of 20 individuals in
the early 1900€Laurie et al. 1983)The main population in Nepal (the Chitwan Valley) was
reduced to as few as 6@B0 individuals in the 1960s, but since the early 2000s has fluctuated



between 400 and 500 individuals depending on poaching préZsatekke et al. 2011; Emslie
et al. 2013)No individuals have been moved between the two remaining main populations
which are naturally isolated from each other, thus prevengng §ow(Zschokke et al. 2011)
Limited population level genetic studies have been conducted on the Indian rhinoceros.
Eleven polymorphic microsatellite lociare designed bfZschokke et al. 2003x panel bthese
microsatellite loci can be used to differentiate between the Nepal and Assam populations.
Evidence of significant genetic differentiation between the populations was found by
mitochondrial control regions haplotypes that are restricted to speopidations and a
relatively high krvalue (Fst= 0.202) at microsatellite loci; based on these measures it is
possible to assign individuals to their population of origin with high confidence (Zschokke et al.
2011).1t is suggestdthat in the future cresing oftranslocation of individualbetween Indian
and Nepal should be avoided, and that the populations should be managed separately to maintain
genetic distinctivenegZschokke & Baur 2002; Zschk& et al. 2011)Genetic diversity in the
Assam population was high despite a severe bottleneck (AssamQ137; Nepal, H = 0.43)
(Zschokke eal. 2011) Retention of genetic variation in the Indian rhino populations may be a
result of their previously large population size (prior to the 1950s), long generation time, and
recentness of the bottleneck, which may have been less severe thaailgnigported
(Dinerstein & McCracken 1990; £sokke et al. 2011)Contrarily, Scott 2008bserved
heterozygosity of 0.3#h Indian rhinosusing a panel of markers characterized in four rhinoceros
species (blag white, Indian, and Sumatran); witidian rhinocerospecies specific
microsatelliteghe doserved heterozygosity was 0.dcott 2008)Microsatellites have been
successfully implemented in namvasively cdlectedwild Indian rhinodungsamplesthrough
this research management recommendations were puf{Bashet al. 2015)yuggesting the

potential utility of fecal samples for conservation genetics work in other rhinoceros species.

Javan rhinoceros(Rhinoceros sondaicus)

Historically ranging from Northern India through Bangladesh and Indochina to the
Indonesian islands of Java and Suméfigurel.4), the Javan rhinoceros was once so abundant
thatit was considered an agricultural pRamono et al. 1993; Feaindo et al. 2006 he

population decreased in sidae to land use changes combined itssure fronsport hunting



and poachingFernando et al. 2006) | ns UjuagWaldn National Park a population size of
25 was estimated in the late 1960s, increasing to approximately 50 by thg Ra8@mo et al.
1993) butthis population is now estimated to contain approxima8lshinos(Jong 2016)
Three subspecied Javan rhinocerdsave been recognizeR: s. inermigextinct)in
Bangladeshindia,and MyanmarR. s. annamiticugxtinct)in CambodialLaos, Thailand, and
Vietnam;andR. s. sondaicus IndonesiaMalaysia, and ThailanfiRookmaaker 1980; Groves
& Leslie 2011; Brook et al. 20)2The subspecieR. s. annamiticugas thought to be extinot
the mainland until poached parts were found at a market in 1988, leading to the rediscovery of a
population of 1615 individuals in Cat Tien, VietnafGroves 1995; Fernando et al. 2006; Brook
et al. 2012)however, this subspecies wamfirmedextinct in 2010after the last individual was
found shot in VietnaniBrook et al. 2012; Emslie et al. 2018stimating population size and
conducting genetic studies of this species is difficult due to its low population dengutyc
nature and a lack otfvell-established population monitoring efforts

The Javan rhinoceros has been the focus of very few popuati@pecies level
studies; of those that have been condyagly two incorporate genetic markehs.one study,
genetic analysis of portioredf the mitochondrial genoensuggestdthat the Vietnamesand
Javan populationsereas divergent as subspecies described in other rhinoceros species
(Fernando et al. 2006y he subspecies are estimated to hehareda common ancest@00,000
to 2 millionyears ago, which isonsistent with the biogeograpHhistory of the region whergea
level fluctuationgesultedn periods of connectioma disconnection between the Sunda Islands
and the mainlan¢(Fernando et al. 2006%ince the two subspecies had been geographically
separatedwith distinct evolutionary trajectories and genetic differences in the mitochondrial
genome, Fernando and colleagues (2006) suggestdtig¢lgatomprisediistinctevolutionarily
significant unitsThe second study useémptypes and genetic sex datam dung samples
collected during a field survey of Cat Tien National Park, Vietnam in 2AEL0to confirm
that all specimens were from the same individual found dead in(Bda6k etal. 2012) Using
16S rRNA barcoding markers, bacterial diversity profiles were generated for fecal samples
collected from 2003 2006 and 2009 2010;this methodology suggest#uat two Javan rhinos
were sampled in the earlier survey and only a simglvidual was sampled during the latter

survey(Brook et al. 2012)Additional molecular genetic methods and markers are needed in

10



order to produce more accurate census estimatesrgumove population monitoring capabilities

for the surviving subspecies in Java.

Sumatran rhinoceros(Dicerorhinus sumatrensis)

The Sumatran rhinoceroBiterorhinus sumatrensisvas once distributed across
Southeast Asia into the foothills of themalayan MountaingFigure 1.5) but habitat loss
combined with poachingasresultedn substantial decreases in population $&eott et al.

2004; Zafir et al. 2011)The current population is estimated tddws than 10@hdividuals with

a decreasing trengHavmglle et al. 2016) There are two extant subspeciBss. harrissoni
occurringin threepopulatiorsin Indonesian Borne@N = 15) andD. s. sumatrensi®undin

three national parks dheIndonesia island of Sumatrag100individuals)(Groves & Kurt

1972; van Strien et al. 2008; Emslie et al. 20T8E speciesvasrecentlydeclaredextinct in
Peninsular MalaysidRF 2016)and in the wildof MalaysianBorneo(Havmagiller et al. 2016 A

third subspecie®). s. lasiotisis likely extinct, but unconfirmed reports suggest the possibility of
a population in Myanmgvan Strien et al. 20080 optimize conservation effortsdrough

surveys need to be conducted to determine the presence or absencecefrdsipopulations
throughout its rangm Sumatra

There is a paucity of genetic studies of Sumatran rhinoceros popul&ipaoblication
by Scott and colleagues (2004) optimized 10 polymorphic microsatellite loci in the Sumatran
rhinoceros; no publigd studies have utilized these markers for research on Sumatran rhinoceros
populations. Using a suite of 24 microsatellite ldtaracterized across rhinoceros spe@as,
Sumatran rhino samples were genotyped and an observed heterozygosity of 0.3@@nexs re
(Scott 2008) However, when usg microsatellite markers designed in conspecifics on Sumatran
individuals an observed heteggosity of 0.529 was obtainé8cott 2008)Earlier studies on the
Sumatran rhino utilized mitochondrial DNgy restriction mappintp assess population
differentiation and to identify conservationitg{Amato et al. 1995; Morales et al. 1997hese
studies agree th&dw levels of genetic differentiatiooccurbetween populations @. s.
sumatrensigrom the island of Sumatra and the Malay Peningilaato et al. 1995; Morales et
al. 1997) Furthermore, they found thaigher levels of sequence divergemogstbetween

populations representing the subspebBies. harrissonandpopulations represdang the
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subspecieP. s. sumatrensiAmato et al. 1995; Morales et al. 199Ygt, conflicting

suggestions about whether the subspecies were distinct enough to be managed as one or two
conservation unitsrase from these studidsis imperative for the future survivaf the

Sumatran rhinoceros to gain a better understanding of this species genetic diversity, to confirm
the proper number of management uhitsvay of genome wide analysesd to integrate

molecular techniques intmonitoringof populations

Rhinoceros Phylogenetics

Relationships within the family Rhinocerotidae have been inferred using morphological
(e.g. number of horngbimpson 1945; Loose 197%)eographi¢Pocock 1945; Groves 1983)
and molecular datéMorales & Melnick 1994; Xu & Arnason 1997; Tougard et al. 2001;
Orlando et al. 2003; Willerslev et al. 200®ue to incongruent topology among studies of the
five extant speciesnd the extinct woolly rhinocero€6elodonta antiquitatjs the existence of a
hard polytomy has been proposed, which would imply that multiple branching events occurred
simultaneouslyWillerslev et al. 2009)Commonly accepted sister taxa relationships within the
rhinoceros phylogeny are as follows: African species are placed in the subtribe Dicerotina,
Indianand Javan rhinoceros within the subtribe Rhinocerotina, with Sumatran and extinct woolly
rhinos forming the cladBicerorhinus(Morales & Melnick 1994; Xu & Arnason 1997; Tougard
et al. 2001; Orlando et al. 2003; Willerslev et al. 200%ere has been no consensus reached
about whee the Sumatran rhinocertiseagefalls in relation to the othdineages Studies that
sequenced mitochondrial genes reported conflicitationshipsplacement of th®icerorhinus
lineage closest to the African rhinoceros clé@dsieh et al. 2003)placement of th®icerorhinus
lineage with the other Asian rhingBougard et al. 2001; Orlando et al. 2008) placing the
Dicerorhinuslineage basal to all other extant rhinoceros spéEesando et al. 2006kven
when complete mitogenomes were analyzed there was no resolution of relationships within the
Rhinocerotidae family, as topologies varied asrtyee building methodologies amssessment
of individual mitochondrial geng&Villerslev et al. 2009)Additionally, the independent analysis
of sequences from mitochondrial or nuclear genes among four rhinoceros spesigaiMmD.

bicornis R. unicornis andD. sumatrensisproduced inconsistencies in topology; when a
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combined dataset was assessediberorhinuslineage was placed most closely to the African

rhinoceros species and the Indian rhinoceros was the most basal (iBeager & Ryder 2011)
Lack of comprehensivgenomicstudies has resulted in unresolved relationships among

rhinoceros specieend subspecies. The estimated time of divergence between the African and

Asian rhinoceros lineages is 26 million years ago (niyaligard et al. 2001Estimates of

divergence between black and white rhinoceros lineages have varied based on methodology;

when using mtDNA restriction maps 3.4 mya was estim@dddyan & Harley 1993as

compared to 17 mya when using portions of the mitoger{dimggard et al. 2001gr 15 mya

when estimated using full mitochondrial genome sequeiWéerslev et al. 2009)Other

estimated divergence times between rhinoceros lineages are-Jadgiam 13 mya and woolly

Sumatran, 20 my@Willerslev et al. 2009)More dataideally from the nuclear genonis,

needed to resolve relationships amohinoceros lineages and to properly assess populations or

regions that comprise important conservation units.

Research Objectives

All rhinoceros speciearelisted as threateneat endangerednder the Endangered
Species Act and have been includedppendix lor Il of the Convention on International Trade
in Endangered Species of Wild Flora and Fauna (CIBi®e 1977. Through ESA and CITES
regulationghinoceros specidsavebeen afforded protection agairstmmercial trade ahino
products(i.e.,horn)and otherctions that endanger populatipget poaching and habitat loss
continue to be a major threat to conserva(@iTES 2010; Emslie et al. 2013)rhe
development of genetic markers issessment of diversity @éutral and adaptive locanbe
used to answer a number of questions that will ultimatelyn theconservation of rhinos
populationsbothex situand in the wildln order to comprehensively evaluate genetic diversity
in rhinoceros populationshree research objectivashich will contribute substantial knowledge
to the conservation and managementhifioceros speciewere identified

(1) Accurate estimates of population size are often difficult to obtain for rhinoceros
species that are elusive or prefer dense habitat. Knowing the true number of individoals in a
area is essential for managers toedlep and implement conservation plans that address the

issues facing a particular population. 8itcouragehe use of molecular methods fnsusing
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of rhinoceros populationsovel microsatellites were characterized from next generation
sequencing datd.hese markers wedesignedpecifically for use withhow quality DNA
extractsfrom nonrinvasively collectedecal samples. In particulasincethereportednumber of
individual Sumatran rhine hasbeendrastically overstated and difficult to accuratestimate
markers were designed for implementation on wild paths in Sumatra. Additiong|
estimates of wild black rhino population size can be difficult to accurately approximate owing to
their cryptic nature and preference for dense habitat; therefiarkersallowing for cersusing of
black rhinos populationsom fecal samples were designediexoavailability of black rhino
fecal samples from individuais North American zogssuccess of these markers in amplifying
genotypes fronfow quality DNA could beassessed

(2) No studies have examined the population genétictire of Sumatran rhinoceros
using analysebeyondmitochondrial restriction mapping techniguy@snato et al. 1995; Morales
et al. 1997)Yet, assessingopulation wide diversitgndstrucurewithin this speciesising
sequence or genotypiatais important for conservation efforfglultilocus genotypes from the
newly characterized microsatellite markébjective 3 andmitochordrial control region
haplotypes were used investigatediversityand structuring within the existirfgumatran rhino
population Furthemore changes irgenetic diversity and population structure over tineze
assessed througcorporationof high qualityDNA samplesrom recently living individuals
andDNA of degraded naturiecom museum bonepecimens

(3) Beyond the neutral markers typically used to assess diversity in population genetic
studies, genes involved in the immune system cawvige information relevant to conservation
efforts. Most studies of immunogenetics in wildlife species focus on the major histocompatibility
complex; however, other gene suites, such as thdikelteceptors (TLR) of the innate
immune systerrhave beershown to be important in studies of threatened and endangered
speciesToll-like receptor genes code for protethatare a crucial part of the innate immune
system; thus, nucleotide diversitythese genes critical for wild populations to defend agst
pathogens. If imnmune system diversity is J@aypopulation may not be able to resist pathogens
and long term viability will be impacteeneticdiversityof eight TLRgenes were
characterized in black and whit@nosfrom North American zoos areksitu breeding facilities
Knowledge of individual and population level variation at the TLR loci can be used in

conservation planning, particularly for translocations exditubreeding programs.
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Figures

Figure 1.1. Map showing the range of the whitehinoceros.

This map of the continent of Afra shows the approximate histagied current distributiaof
white rhinocerogCeratotherium simuinAreas shown in yellow are the historic range, and
regions encircled in red are locations currently occupiée white rhinoceros subspecies
northern white rhindC. s. cottoni and southern white rhin€( s. simur)) ranges aredenoted.
The northern white rhino had a historical distribution disjunct from that of the southern
subspecies, occurring in parts@éntral African Rpublic, Chad,South Sudan, and Ugandkghe
remaining individuals currently reside in Ol Pejeta Conservancy in K@uyside of their
historic range) The southern white rhino subspecies was numerous and widespread in the 1800s,
distribued mainly south of the Zambezi River across predagtSoutheastern Angola,
Botswana, Mozambique, Namibia, South Africa, Swaziland,Baestern Zambia, and
Zimbabwe Current populations are foundaii historic range statemd also irKenya and
Ugand, outside of the historic rangaot shown) Themapand image werenodified from the

International Rhinoceros FoundatiGmww.rhinos.org)
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Figure 1.2. Map showing the range of theblack rhinoceros.

This map of theontinent of Afrca shows the approximate histagied current distributiaof
blackrhinocerogDiceros bicorni3. Areas shown in yellow are the historic range, and regions
encircled in red are locations currently occupied. Blaekrhinocerogpopulation is comprised

of three recognizedubspeciessasterrblackrhino O. b. michaeli, southcentral black rhino.

b. minon) and soutklwestern blackhino (D. b. bicornig. The eastern black rhinoceros has
populations in Kenya and Tanzanlde southcentral black rhinoceros mainly occurs in South
Africa with additional populations occurriradongthe eastern portion of the African continent in
BotswanaMalawi, Swaziland, Tanzania, Zambia, and ZimbabWee southwestern black
rhinoceros igestricted to Namibialhe map and image were modified from the International

Rhinoceros Foundatiofwwww.rhinos.org)
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Figure 1.3 Map showing the range of thdndian rhinoceros.

This map ofa portion of thecontinent ofAsia shows the approximate histoaad current
distributiors of IndianrhinocerogRhinoceros unicornj)s Areas shown in yellow are the historic
range, and regions encircled in red are locations currently occlipikah rhinos formerly
inhabitedthe region from Northern Pakistan to Northwestern Myanmar. The cpwpotations
confined to reserves in three Indian states (Assam, Uttar Pradesh, and West Bengal) and the
Himalayan foothills of Southern Nepdlhe map and image were modified from the

International Rhinoceros FoundatiGmww.rhinos.org)
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Figure 1.4 Map showing the range of thelJavanrhinoceros.

This map ofa portion of thecontinent ofAsia shows the approximate histoaad current

distributiors of JavarrhinocerogRhinoceros sondaiciusAreas shown in yellow are the historic

range, and regions encircled in red are locations currently occupied. The Javan rhinoceros
historically rangedrom Northern India through Bangladesh and Indochina to the Indonesian

islands of Java and Satna. The current populationisisolatedt@a va 6s Uj ung Kul on
Park The map and image were modified from the International Rhinoceros Foundation

(www.rhinos.org)
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Figure 1.5 Map showing the range of théSumatran rhinoceros

This map ofa portion of thecontinent ofAsia shows the approximate histoaad current
distributiors of SumatrarrhinocerogDicerorhinus sumatrensisAreas shown in yellow are the
historic range, regionsncircled in red are locations currently occupead locations with
guestion marks denote uncertain population status (putatively exfihetSumatran rhinoceros
was once distributed across Southeast Asia into the Bsathithe Himalayan Mountain3here
are two extant subspecid3, s. harrissonoccurs only in Indonesian Borneo, &nds.
sumatrensiss restrictedto the island of Sumatra in Indoneside map and image were

modified from the International Rhinoceros Foundafieww.rhinos.org)
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CHAPTER 2. DEVELOPMENT AND CHARACTERIZATION OF MICROSATELLITE
MARKERS FROM NEXT GENERATION SEQUENCING FOR UTILIZATION IN LOW
QUALITY DNA FROM DUNG

Abstract

Accurate estimates of population size are often difficult to obtain foocknos species
that are elusive avccupydense habitat. Knowing thgrecisenumber of individuals in an area is
essential for managers to develop and implement conservation plans that address the issues
facing a particular populatiolespite their impogtnce, population estimates for Sumatran and
black rhinoceros are ofterhallengingo calculateor subject to detection biases; therefore, we
expect that implementing molecular methods utilizing DNA from-measively collected fecal
samples will substaiatly improve currentechniquesFrom Roche 454 sequencing dataoé
black rhinoceros sampl&y novel black rhinoceros microsatellites were characterizezkse
markers were successfully amplifiadrosswo black rhinoceros subspecies: the sexghtral
black rhino (A = 2.5; J = 0.43) and the eastern black rhino (A = 3.4;7H.39).Two Sumatran
rhinoceros samples were sequenced using the Illlumina MiSeq v3 platiegrtg imited sample
guantity and ptential lackof genome wide diversity in this speciesnovel bioinformatics
pipelinewasdevelopedo scarthe sequencing databades putatively polymorphic loci. Usp
this new methodology 29 noveblymorphicmicrosatellites were characterizedl= 2.4; Ho =
0.30) A subset of these markeasssufficient for identification of individuals based om Rrd
Pipsin valuesof < 0.001 forblack rhinos and < 0.0001 for Sumatran rhirisrough a series of
optimization steps demonstratethatthese markes used to successfully generginotypes
from fecal sample<senotyping accesgatein black rhinoceros fecal samples ranged from
56.6% to 91.% with allelic dropout rate ranging from8& 11.7% and false alleles fromi0
3.2% dependingn theamplificationconditions.These microsatellite markers, used from
molecular censusing, will serve an important roleanservation of rhino species, particularly
the Sumatran rhinoceros, for which tieported number of individushas been drastically

overstatd andis extremelydifficult to accurately estimate.
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Introduction

Accuratecensus estimatese important for the assessment of loagn viability and
development of management goalsdotically endangeredhinoceros speciefverestimation
of population size can be particularly problematic asay resulin inadequate protection and
poor managment of remainingndividuals Traditional methods afensusng rhinoceros
populations include aerial or vehicular surveys, camera trapping, andidesoEication of
individuals(Brockett 2002; Mulama & Okita 2002; Metzger et al. 2007; Stein et al. 2010;
Hariyadi et al. 2011)When individuals are not located in open habitat or are e|ws\ve the
case foblack and Sumatran rhinocetrthese techniques may be ineffective and prone to
detection biases that can result in inaccurate estir(Bteskett 2002; Mulama & Okita 2002;

Stein et al. 2010; Hariyadi et &011) In addition, traditional surveying methods are expensive
to execute and some (e.g., capture and release sampling or biopsy darting) have thetpotential
causenjury or elevaedstress levels; therefortliey may not be ideal for use with threatened or
endangered species.

By contrast, molecular methods that utilize niovasively obtained dung samples can be
employed to estimate population siadile avoiding handlingr even direct observatiaf
individuals (Kohn et al. 1999; Bellemain et al. 2005; Brook et al. 20&@)themore the
accuracy bcensus estimates can be improved by the systematic collection of dung (e.g., sweeps
or line transect schemes) from across a species habitat for genetic aSgstEmaticsampling
schemegan substantiallincreasahe proportion of a populatioepregntedin a dataset
compared to alternative detection meth@fisan et al. 2006; Arrendal et al. 2007; Guschanski et
al. 2009; Gray et al. 2013Fensus surveythat incorporat@ genetic component allow for the
study of population dynamics over tirf@ustanski et al. 2009nd permit greater insight into
population processes, including: paternity, mating systems, and levels of inbréedimgbined
management approach including riomasive molecular methods and traditional monitoring can
be particulaly powerful for conservation effor{®ischof & Swenson 2012)

For many rare or elusive mammgdiscal material mape the most readily available
source for genetic studies. Dung contains DNA from the host species in epithelial cells that are
shed during defecatidiiReed et al. 1997; Wilson et al. 200BEcalsamples collected while
freshandunder ideal environmental conditions may contain DNA in adequate quality and
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guantity for genetic analys{8Vilson et al.2003; Okello et al. 2005; Fernando et al. 2006;
Arrendal et al. 2007 However, DNA from feces isometimeslegraded, present in small
guantities, and is likely to edain inhibitors or contaminan($aberlet et al. 1999; Ishida et al.
2011a, 2012)Degraded or low quality DNA can be more challenging to amplify by polymerase
chain reactioffPCR)than DNA from blood, tissue or other intact samptéswever rate of
amplificationsuccessn degraded or low quality DNA (e.glung samplesnuseum specimens,
or forensicmaterial can be improved by shortening tlaegetedampliconlengthto < 200 bp
(Butler et al. 2003tshida et al. 2011a, 2012; Brandt et al. 2013b)

Due to their high rateof evolution microsatellite loci are widely used &mldress
guestions irwildlife management and conservation rese&veim Coeverden de Groot & Boag
2004; Knowles et al. 2009; Ishida et al. 2012; Brandt et al. 20aB8dbheyhave been included
in many studies of rhinoceros species (Guerier et al. 2012; Karsten et al. 2011t Miugd#1;
Scott et al. 2004;an Coeverden de Groot et al. 2011; Zsdtwoet al. 2011)Among other
applications, ricrosatellitescan be used to assign individual identity to samples, elucidate
patterns of gene flow, determine levels of population differentiatiodestimate relatedness
(Selkoe & Toonen 2006However there are few studies that have utilizedrosatellites in
dung samples from wild rhinoceros populations for genetic anal@sesier et al. 2001; Brook
etal. 2012) The use of dung for genetic studies may have been avoided due to the potential for
lack of repeatability or high genotyping error réte., allelic dropout and false allelesjtena
result ofa shortage of markers that are reliable when implemented on low quality DNA from
dung(Taberlet et al. 1999; Cunningham et al. 2001; Ishida et al. 2011apGetkal. 2012;
Ishida et al. 2012; Brandt et al. 2013Dgspite these possible drawbacks, the rate of dung
genotyping success can be improved when microsatellite mamke@mplification protocolare
specifically designed for use on namvasively collected sampléshida et al. 2012)
Furthemore other studies have demonstrated thatrosatellitesan beused to effectively
estimate population census size from fecal DNA of various wildlife sp@¢ads et al. 1999;
Bellemain et al. 2005; Mowry et al. 2011; Bonesi et al. 2013; McCarthy et al..2015)

To improve the chances of accurately estimating rhinoceros population sizes using dung,
a panel of microsatellite markers that can identify unique multilocus gesotys be
developed for the specific rhinoceros species of intefastcurrently available microsatellite

markersfor black rhinoshave produced limited results when used on dung samples
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(Cunningham et al. 2001and for Sumatran rhinos only a few species specific neHaare

been develope(bcott et al. 2004)Both of these species would benefit from improved methods
for accuratelyestimate population sizethereforemarkers targeting short amplicons that have
beencharacterized specifically for genotyping of dUDJA are necessitate@he chances of
characterizing large panel of polymorphic microsatellites that can be used to assign individual
identity haveimprovedwith recent developments in molecular meth@ddsances include the
increasing accessibility and deasing cost ofiextgeneration sequencing (NGS) platforms
(e.g., Roche 454 FLX Titanium and lllumina Genome Analyttexdallow for largescale
identification of genetic markers in species of inte¢(€sencsics et al. 2010; Saarinen & Austin
2010; Brandt et al. 2013b)NGS méhods provide rapid and effective means for identification of
hundreds to thousands of candidate polymorphic microsatellite loci in any species for which
DNA is available{Castoe et al. 2010; Lepais & Bacles 2011; Brandt et al. 2013b)

This study aimed tase NGS technology tcharacterizespecies specifipolymorphic
microsatellite markergnplemented using DNA from fecal sampfes molecularcensusing
studiesof rhinoceros population$ focus on black and Sumatran rhintgo species for which
accurate census estimates are difficult to obtain but are requiradeguate managemeRbr
the black rhino$ used Roche 454 shptn sequencing datand a standard bioinformatics
pipelineto characterize polymorphic microsatellite and assess their success rate when used with
DNA from fecalsamplesDue to the potential fdow genetic diversityn the Sumatran
rhinocercs caused byrift and inbreedingn small, isolated populationan alternative approach
was developedA bioinformatics routinevas designed taligns multiple copies of microsatellite
loci andidentify thosein which variationcouldbeidentified This novel methodologwas tested
usinglllumina sequencingata fromtwo high qualitySumatran rhin®@NA samplesThis
procedure allowed for thexclusionof many potentidy monomorphidoci before conduing
any laboratory genotypin therebysavingtime, research fundsand valuable sampld@he utility
of the microsatellites designed in this stdidiyuse in wild populationwiill be tested by using
black rhino fecal samples collected Mamibiangame farms to establish census eates, and
Sumatran rhinoceros markers will be testedituthrough a collaboration with local Indonesian

researchers at the Eijkman Institute.
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Methods and Materials

Samples

Endorsementf the proposed research was obtained from the Associatibmosfand
AquariumsRhino Advisory Group and Rhino Research Coymdlrequired for the collectiaf
samples from rhinoceros individuals heksituin North America. Wholdloodsamples were
obtained from 1Dblack rhinocerosly. b. michaeliN = 9; D. b. minor,N = §) (Table 2.]. A
total ofeighthigh quality Sumatran rhinoceros samples were collectediiale blood samples
from individualsat the Cincinnati Zoo2 previouslyisolated DNA samples from San Diego Zoo
Institute for Conservation Reseayeimd foursamples of whole blood or tissue from Sumatran
rhino individuals collected from Sumatran or Peninsular Malaysia within the past 30 years
(Table 2.2) Whole blood samplefsom North American za®and research institutiongere
collected during rourte veterinary caresamples werstoredin EDTA tubes to prevent clotting
and kept refrigerated until DNA isolation (< 1 week from time of collectibA was isolated
from whole blood or tissue samples using Qiagen DNeasy Blood and Tis{@HAGBEN)
according tahemanufactured eecommendeg@rotocol.All researctwas conducted with
IACUC approval (protocol # 15053LITES/ESA Permit 14US84465A/€ITES COSE Permit
12US757718/9and appropriate CITES and foreign required export permeite used for
specimers imported from international collaborators.

For dl 17 black rhinoand 2 Sumatran rhireampledrom North American zoggaired
fecal samples from the same individuadre collectedTable 2.1 & 2.2)Fresh €cal amples
were collected by veterinary staf§ing asterile collection instrument (e.g., wooden tongue
depressor) to scra@pproximately 2mL from the exterior of each sample into a collection tube.
Samples were stored briefly (less than 3 daysj@t éntil shipnentto the University of lllinois
at UrbanaChampaignUponarrival, 107 12 mL of a 20% DMSO salt saturated solutvess
added to eacbollectiontube; samples were subsequently store@@&C. To compareghe
impact ofDNA extraction methoden fecal geatyping success ratBNA wasisolatedfrom
eachdung sample usintpe manufacturér eecommendegrotocol and a modifiegdrotocol for
the QIAMp DNA Stool Kit QIAGEN) as described belaw
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Black Rhinoceros Marker Design

Total genomic DNA isolated fromne black rhino tissue sampkubspecieb. b.
michaeli was submittedo the University blllinois at UrbanaChampaign technology Center
for library preparation and shotgun sequencing on the Roche 454 Genome Sequencer FLX +
platform. Sequence data mescreened for ditri-, tetra, penta, and hexanucleotide
microsatellite motifs, each with a minimum of 8 tandem repeats, in MSATCOMMANDER 1.0.8
(Faircloth 2008) Flanking primer pairs were designed with stringent criteria using the PRIMERS3
(Rozen & Skaletsky 2000nterface in MSATCOMMANDERo meet the following criteria:
amplification of a target product in the 75 to 150 bp size range (inclusive of the two primer
lengths), optimal length of 20 base pair (range 18 to 22 base paimabpielting temperature
of 60.0°C (range of 58.0°C to 62Q), optimal GC content of 50%, inclusion of at least 1 bp GC
clamp, low self or pair complementarity and a maximum end stability qF&i€cloth 2008)
Once desigad a number of quality checks were implemented before selection of primer pairs
for testing. To prevent amplification of multiple ntarget loci two steps were taken to ensure
the unigueness of the primer sequences: 1) a Perl script was written toesedr ghimer
sequence against the entire 454 generated sequence database and 2) primer sequences were
searched against the nrogdundant BLAST database. Any primers showing evidence of being
part of a repetitive element (e.g. LINEs or SINBs)hat closgl matcledsequences of human
DNA (a potential contaminating factor) waeremoved from furtheconsideration

Sumatran Rhinoceros Marker Design

High qualitytotal genomidDNA samples fromwo individual Sumatran rhinocergBsu-
33 and DstB5), both wild caught on the island of Sumatra and subsequentlgksitlin zoos
in North America, were submitted the University of lllinois at Urban@hampaign
Biotechnology Centelor library preparation angdequencing on the lllumina MiSeq v3 platfo
Each Sumatran rhino sample was given a unique identifying barcoding tagtesfaygooled
for sequencingFor the reads obtaingtihe followingbioinformatics methodologwas developed
by Dr. Kai Zhaato identify variable microsatellite loci for whdigh quality primer pairs could

be designed and tested. Paiggttl reads with overlapping sequence from each individual were
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merged using FLASH 1.2.8. A program, SSRSCAN, was written intéklarge genome
scale, unassembled higiroughput sequencesd returns microsatellteontaining reads for
subsequent analysis. In this programused relaxed criteria for extraction of reads containing
microsatellite motifs, thus filtering uninformative reads out of the working datal¥asesur
purposes SSRSMAselected reads with-gitri- and tetranucleotde motifs containing at least
four repeats. Reads that contairstabrt tandenmnepeats in the first or last 50 nucleotides were
eliminated, and to ensure a sufficient flanking region for primer design wsasrrthe full
sequence read was required to be at least 120 bp in length.

Our next step was to search among the microsatellite containing reads for potentially
polymorphic loci. A Pythotbased script was written to combine all reads containing
microsatellites from both rhinos into one database and subsequently remove the microsatellite
motif from each read, leaving a set of flgpdirs (i.e., a pair of flanks from the same original
read, one from either side of the microsatellite moAfMegaBLAST pair-wise analysis
requiring 99% sequence identity and an ungapped alignment, was completed to identify
matching flankpair sequences. The sequences of matching-flairk were aligned and those
containing microsatellite motifs with a differing nuertof repeats were retained. Within each
alignment the read with the longest minimal flank was chosen as the representative sequence.

The representative sequences of potentially polymorphic loci were further analyzed in
MSATCOMMANDER 1.0.8. Sequences weaagain screened for itri-, and tetra
microsatellite motifs, this time with a minimum of 6 tandem repeats. Primers were designed in
MSATCOMMANDER through an interface with PRIMER3 software to meet the following
criteria: amplification of a target pradt in the 75 to 150 bp size range (inclusive of the two
primer lengths), optimal length of 20 base pair (range 18 to 22 base paimalopilting
temperature of 60.0°C (range of 5800 62.0°C), optimal GC content of 50%, inclusion of at
least 1 bp GClamp, low self or pair complementarity and a maximum end stability of 8.0
(Faircloth 2008).

Once the set of potential loci were identified a number of quality checks and screening
criteria were implemented before selection of primer pairs for testitinggilaboratory. To
determine if the designed primer pairs would produce amplicons of varying size (as expected at a
polymorphic locus)the IPCRESS programas used to rum silico PCR Each primer pair was

computational |l y A a mpdraedénd segueéncirggaabasesfromtBBue | o0 i
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and Dsu35. IPCRESS identifielamplicon® thatwould potentiallybe produced from each
individual during PCR with no priming mismatches, one priming mismatch, and two priming
mismatches. Primer sdtse showedte potential to produaanly one amplicoror amplicons of

more tharfour varying lengths in thé silico PCR step were removed from further
considerationAdditionally, loci that exhibited broad size ranges (more than 20 feyetitce

between allelesyere eliminate to prevemtotential norspecific amplification. Remaining

primer sequences and falinpliconsequencewere searched against the redundant BLAST
database. Any locus showing evidence of being part of a repetitive element (e.g. LINEs or
SINES), or that closely match sequences of human DNA (a potential contaminating factor) were

screened out.

MicrosatelliteMolecular Characterization

The gimer pairs identified in the previous stepich were most likely to amplifgndbe
polymorphic after quality checks were tested in the laboratory. DNA extractsHedngh
quality blood samples of Sumatan rhinosor 17 black rhinogcomprised of repsentatives
from two subspecief). b. michaelandD. b. mino) were used to assess amplification success
and variability at the novel loci. PCR products were fluorescently labeled usingaidd
forward pimers (TGTAAAACGACGGCCAGT)Boutin-Ganache et al. 20D1Use of an M13
tailed primer ioftenhelpful with genotyping as reducescost whileincreasing the length of the
ampliconandreducingstutterpeaks (Schuelke 200Boutin-Ganache et al. 20DJA primer mix
consisting of 8.6M reverse primer, 0.6uM of M1failed forward primer, and 8.8/ of
fluorescently labeled M13 forward primer was used for PCR. Primer pairs were initially tested
by PCR performed in a 10uLaetion mixture that includedn@M MgClz, 200uM of each dNTP
(Applied Biosystems Inc. [ABI])1x PCR bufferand0.4 unitstl final concentration of
AmpliTaq Gold DNA Polymerase (ABINegative PCR controls were included with each PCR
amplification. A step dowi?CR dgorithm was used withn initial 95°C for 10 min; cycles of
15 sec at 95°C; followed by 30 sec at 60°C, 58°C, 56°C, 54°C, 52°C (2 cycles at each
temperature) or 50°C (last 30 cycles); and 45 sec at ‘&fd3 final extension of 30 min at
72°C.
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PCR amplification success wasaminedusinga 1% agarose gstainedwith ethidium
bromide. Samples with amplicons preseithe expected size range were genotyped by capillary
electrophoresis on the ABI 3730XL genetic analygahe University blllinois at Urbana
ChampaigrBiotedhnology CenterFragmentsvere assessed to determine if the raesk
producedeadablegeaks andf they werevariableusingGendapper Version 3.7 software.
Microsatellite variability was evaluated by number of alleles per [0&usexpected
heterozygosit (He), and observed heterozygos{tyo). In the black rhinoceros samples diversity
indices were calculated for all individuals together and separately for each subspecies.
Probability that the characterized markers would be useful in establisdinglual identity was
calculated by B and Rbsib) (Waits et al. 200)for each marker as well éstal Ppo and Rbsib)
values for all markers in CERVWE.0.7(Kalinowski et al. 200).

Optimization for Amplification in Fecal Samples

An initial round of marker testingsingdung DNAisolatedusingthema nuf act ur er 6 s
extractionprotocoland amplified with the standard proced(atetailed above) failed to produce
visible ampliconsThereforea series of alternative protocols were testedientify he best
conditiors for genotyping DNA fronrhinocerodecal samplesSince onlylow concentratios of
DNA were detected in the fecal extracts by@heit 2.0 Fluorometer (Invitrogeiyable 2.8,
an initial optimization of theQlAmp DNA Stool Kit protocowas conductedrhe following
modifications were made to the QIAmp DNA Stool Kit proto@zlch fecal sample was
thoroughly homogenized 20% DMSO salt saturatdnliffer by vortexingor 5 minutesthe
initial samplevolume was increased to 800sampls were digested overnight in 1mL of ASL
buffer and 1mg of proteinase K at°&8 vortex timegshroughout were increasedspecially for
the InhibitEx step which was vortexed for 5 min)itesd final elution was done twice with 50ul
of elution buffer each timand a minimum 30 minute incubation at room temperature. DNA
concentrations were measui@ghinusing the Qubi2.0 Fluorometefor the modified extraction
protocol concentrationsverecompared tahose obtained witthe standard protocol

To test for he presence of rhinoceros DNA in the fecal extracts and to check for cross
contaminatiorbetween samples gopraximately 450 base pair fragmenitthe mitochondrial

control regionwasamplifiedin the paired blood and fecal samplasplification wascompleted
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usingpreviously published primef€ampbell et al. 995; Moro et al. 1998ndthe following
mixturein 20ul reactionswith final concentrations 00.4uM of eachforward and reverse
primer, 0.2nM of each dNTP1x PCR bufferamM MgCL», and 0.4 unitef AmpliTaq Gold
DNA polymeraseThe PCR algorithm foall mitochondrial control regioreactionswvas: initial
denaturatiorat 95°C for 9:45 min; 3 cycéeof 20 sec at 94°C, 30 sec at 60°C, 30 sec at 72°C; 5
cycles of 20 sec at 94°C, 30 sec at 58°C, 30 sec at 72°C; 5 cycles of 20 sec at 94°C, 30 sec at
56°C, 30 sec at 72°C; 5 cycles of 20 sec at 94°C, 30 sec at 54°C, 30 sec at 72°C; 5 cycles of 20
sec at 8°C, 30 sec at 52°C, 30 sec at 72°Crf@lesof 20 sec at 94°C, 30 sec &°€, 30 sec at
72°C, and a final extension at 72°C for 7 miiitochondrialPCR productshat produced clear,
singleamplicons of the expected size onatinidium bromide staine@igarose gelere
enzymatically purifieqHanke & Wink 1994using arExonuclease | and Shrimp Alkaline
Phosphatas@gExoSAP) reaction. Purified PCR products were Sasggquenceth both
directionsusing the BigDye Terminator System (AB&ndresolvedonan ABI 373XL
capillarysequencer at the University of lllinois at UrbadaampaigrBiotechnology Center
Resulting sequences were trimmed, concatenated, and edited in the software SEQUENCHER
(Gene Codes Corporatioaind compared between fecal and blood samplestfiersame
individual.

Using the modified extraction protocol there wasihstantial increase total DNA
yield and quantityf host specific DNAGiventheseoutcomss, all subsequent optimization
steps used DNA isolatddllowing the modifiedprotocol. Combinationsof the following
conditions were testad maximizegenotyping success microsatellite locin rhinocerodecal

samples

1) TheZymoOne St ep E PCR | nh (ZpriotwasuseR ® redugea |  Ki t
concentration of PCR inhibitors commonly present in DNA isolated from fecal
samplesFor a subset ahdividuals the total final elution volume of three separate
DNA extracts from the sanmsamplewastreatedwith ZymoOne St e RE P C
Inhibitor Removal Kitaccording tdhe recommended manufactudeprotocoltwice,

once, and untreated
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2)

3)

4)

5)

6)

7)

8)

To assess if the presence of PCR inhibitors was preventing amplificagictions

were carried out with full undiluted DNA, 1:2 dilutions, and 1dlldtions

Two different Taq enzymes wetested AccuPrime Tag DNA polymerase
(Invitrogen) selected for its proofreading ahih fidelity characteristicand
AmpliTag GoldDNA polymeras€ABI), selected for its sensitivitgpecificity, and

evidenceof previoussuccess immplifying microsatellites in fecal samples.

Different concentrations of Mg@Were assessed for amplification success rate and
specificity. Varying final concentrations of 1.5mM, 2.0mM, 2.5mM, 3.0mM, 4.0mM,
and 5.0mM of MgGlwere tested.

Touchdown PCRs were selected for testing due to their usefulness in preventing or
reducing the incidence of nepecific amplification by optimizing specificity in

initial primer binding and increasing final product yield (Korbie and Maie®8).

Two touchdown thermal profiles were tested; one included annealing temperatures

from 661 56°C and the second included annealing temperatures fréns@TC.

Given that the microsatellites being amplified were all less than 200 bp in length, the
time necessary for adequate elongati@sexpected to be shottength ofthe

elongation stepluring PCR was varied to be 30 seconds, 10 seconds, or 5 seconds

To find the balance between amplification specificity and quantity of target
amplicons produed the total number of cycles and the number of cycles completed at
each annealing temperature were varied. Success with 3, 4, and Satyaeb

annealing temperature aadotal of 45 or 60cycleswas evaluated

When using DNA from fecal samples itgessible that the region targeted for
amplification will not be represented in the reaction duewdoncentration of host
DNA and thesmall volumeof isolateusedfor PCR To maximizethe amount of host
DNA present in eaclmplificationincreasing volmes ofDNA template of 1ul, 2ul,
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and 4ul were tested meactions with final volumes dfoul, 20ul, and 40ul

respectively

Fecal Genotyping Error Rate Analysis

Using thecombination ofconditionsthatresulted in the highest rate afplification
fecal DNA from black rhinoswvasgenotypedAn initial round of testing was completed thmee
fecal samples at 16 of the microsatellite @h afinal MgClz concentration of 3.0mM. The full
set of 17black rhino fecal DNA samplegsasgenotypedwice, with differing final MgCl»
concentrationsf 1.5mMor 2.5mM. Each DNA extract was purifieohce using th&ymo
On e St RCR Ehibitor Removal Kit prior to amplificatio&enotyping was carried oby
PCR amplificatiorwith fluoresceny labded M13 forwardprimer mixeqsee abwe) for all
markers. The PCR conditions were as follod®&iL reaction mixture that includdahal
concentrations 0f3.0,2.5, or 1.5mM MgCl,, 200WM of each dNTP (Applied Biosystems Inc.
[ABI]), 1ug/u of bovine serum albumin (BSA; New England BioLabs Int.§,units of
AmpliTaq Gold DNA Polymerase (ABILX PCR Buffer Il (ABIl),and 4ul of template DNA.
Negativeand positive (blood DNAPCR controls were included with each PCR amplification. A
touchldown PCR algorithm was used with an initiEdnatuationat 95°C for10 min; cycles of 15
sec at 95°Ciollowed by 15 sec at 66°C, 64°C, 62°C, 60°C, 58°C (4 cycles at each temperature)
or 56°C (last 25 cyclgsand 10 sec at 72°C; and a final extension ofnad®at 72°C. PCR
amplification success was checked on a 1% agarostageddwith ethidium bromide. Samples
with amplicons present in the expected size range were genotyped by capillary electrophoresis
on the ABI 3730XL genetic analyzer at the Universit lllinois at UrbanaChampaign
Biotechnology Centesind subsequently genotypes were scomdg GeneMapper Version 3.7
software.Genotypes obtained from fecal samples were compared to those from blood DNA,;
instances oéllelic dropout and false allefate, which produce incorrect genotypesye
recorded

Given the lack of fecal sampéailability for Sumatran rhingsan assessment of
genotypingaccuracywas not possible. Howevewo fecal samples provided by Cincinnati Zoo
were used tevaluatepotential genotyping success. One sample fidsor28 was considered

low quality due to post mortem collection and frozen storage followed by repeated freeze thaw
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cycles; a second sample fradsu-44 was considered high quality due to fresh collection and
immedite storage i20% DMSO salt saturatdaliffer. Six markers were testétreetimes on

each of the fecal samples; genotypes from blood saraptae same individuals wegsdso

scored The remaining 23 markers were each genotyped once in the fecal santiledjme of
genotypingblood fromDsu44 was not available; however, genotypes from the dam and sire of
this individualwerecollected Genotyping was carried out using the following PCR conditions
with fluorescently labeled M13 forward primers (seewa)for markers10 or20uL reaction
mixture that includeddmM MgCl., 200uM of each dNTP (Apled Biosystems Inc.ABI]),

1ug/u of bovine serum albumin (BSA; New England BioLabs Inc), 1X PCR Buffer Il (ABO,

unit final concentration of AmpliTag GolDNA Polymerase (ABl)and 1 or 8l of template

DNA. Negativeand positive (blood DNAgontrols were included with each PCR amplification.
The same step down PCR algorithm that is detailed above for black rhino fecal amplifications
was used for the Sumatrahino fecal genotypind®CR amplification success was checked on a
1% agarose geaitainedwith ethidium bromide. Samples with amplicafeshe expected size

range were genotyped by capillary electrophoresis on the ABI 3730XL genetic analyzer at the
University d lllinois at UrbanaChampaigrBiotechnology Centeaind subsequently genotyped

using GeneMapper Version 3.7 software.

Results

Black rhinomarker design and characterization

Roche 454 shotgun sequencing of a black rhinoceroslsaaperateatotal of 23,511
reads, wth an average length of 556 byicrosatellite motifs with eightr more repeats were
identified in 427 reads, thus ¥@of the total reads contad the targeted repeat regioREmers
met the stringent design requirements7#drof the microsatellite containing loéifter quality
checks of the primer sequences were compdeset of 65 high quality markensereidentified
for further testingof which 48 were evaluated for variabilith total of 17 of the loci were
variableand produced genotyping peak patterns that could be reliably sboesztbmbined
datasetncluding members dboth subspeciesh¢ average number of alleles per locus das

and ranged from 2 t® (Table 2.3) Loci Dibi3 andDibi22 were monomorphic within the
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subspecie®. b. minorwhile loci Dibi48 andDibi51 were monomorphic withiD. b. michaeli
each of these loci was found to be polymorphic in the other subspEalds 2.4) The average
expected heterozygosity acrosslalimarkerswas 0.55the averagelzserved heterozygosity
was 0.4]1 andoverall ks value across the markers wag@)XTable 2.3) Within theD. b.
michaelisubspecieshe average number of alleles per locus $tdsand ranged from to 6. The
average expected heterozygosityhin D. b. michaelwas 0.48the averagelmserved
heterozygosity was 0.3@ndoverall fs value across the markers wag2(Table 2.4) Within
theD. b.minor subspeciedhe average number of alleles per lo2usand ranged from to 5.
The average expected heterozygosiithin D. b. minorwas 0.44the averagelmserved
heterozygosity was 0.43able 2.4) The overall ks value across the markers wa82.
Cumulative i and Fbsib) suggest thad subset othese markers can be used to confidently
distinguish individual identity in both subspecasap < 0.001 level(Table 2.5)

Sumatrarrhino marker design and characterization

The availability of high molecular weight DNA ftine Sumatran rhinoceresabled the
completionof NGS sequencing this species. A total of 30,556,224 sequencing reads were
obtained, with individual Ds@3 producing 16,813,030 reads (average length of 410 bp) and
individual Dsu35 producing 13,743,194 reads (average lengtid0fof). After pairedend
sequences were joined databases of 7,399,098 reads t88Rsw 5,993,320 reads for B3&
were created. A total of 176,357 redds1%)from Dsu33 and 167,848ead(2.8%)from Dsu
35 were found to contain microsatellite motifgh four or more repeat unitsy SSRSCANOf
the loci cantaining microsatellite motif861 potentially polymorphic loci were identified.
Suitable priming regions were identified for 229 of the poédly polymorphic microsatellite
loci. After IPCRESSand quality checking final set of 5 potentially polymorphic loci remained
for testing in the laboratory.

Of the55Ioci identified as potentially polymorphib3 produced ampliconwith a single
band present in thexpected sizeange forat least 2 DNA samples in an initial PGRurther,29
of the markers produced 2 or more alleles across thsted sampled @ble 26). The average
number of alleles per locus was 2.4 and ranga {2 to 4. The average expected heterozygosity

across all 29 loci was 0.45, and the average observed heterozygosity wésahl@02.6)The
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overall Fs value across the markers was 0@dmulative i and Rbsib) suggest thaa subset of
these markersan be used to confidently distinguish individual iderdityhep < 0.0M1 level
(Table 2.7)

Optimization for fecal analysis

The modified DNA extraction protocol resulted in substantial increase in DNA yield
from fecal samplesompared to the manufacturer protoftdble 2.§. All DNA isolates from
fecal samples were sequenced for a short portion of the mtDNA control region. Resulting
sequenceshowno differences in haplotypdetween fecal and blood samples collected from the
same individual and no evidence of secondary peaks that may be indicative of contamination.
This confirmedthe presence of rhinoceros DNA in all of the fecal samples and the lagssf ¢
contamination between sampl€&ven the increase in DNA concentmtiand positive
amplification of mitochondrial haplotypgall further PCRs were conducted with DNA isolated
using the modified protocol.

During DNA extractionusing the modifieghrotocolco-extraction of increased amounts
of plant and microbial DNA and Imbitors, along with a suspected increase in host rhinoceros
DNA, is likely to have occurredlo combat the presence of PCR inhibiting compounds,
commonly from plant materialtheZymoOne St e pE PCR | nhivdsusedts Re mov
reduce concentration 8CR inhibitors commonly present in DNA extract from fecal samples
Sampledreated oncehowed improved amplification success compared to untreated samples;
however, theravasno evidentimprovement between samples treated once and samples treated
twice. Given the increased loss of DNA template with each successive@yme St e p E P CR
Inhibitor Removaltreatmentone cleanup wadetermined to be optimalo further assess the
presence of inhibitorONA extracts were tested in PCR amplification at full @amtration
(undiluted), ata 1:2dilution, and at a 1:10 dilutiohere was no improvement of amplification
with increased dilutiosuggesting that inhibition of PCR is not a concern for downstream
applicationstherefore, all subsequent reaction wereiedrout with undiluted DNA extract as
template.

The next step in optimizing the P@Ras testing different enzymes and adjusting the final

concentration of magnesium chloridgCl,). A series of reactions were set up to compare the
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specificity and ampli€ation success rate of AccuPrime Taq to AmpliTag GoElNA from
fecalsamplesBoth enzymes were tested fonir dung DNA sampleattwo microsatellite
markersandwith threeMgCl> concentrationsl(5mM, 2.5mM, and 4mM). @erall, the

AccuPrime Ta@erfaomance was inferiocompared tAmpliTaqg Gold,showinghigher rates of
nonspecific binding and stronger amplification of extraneous bands. For both enzymes increased
concentrations d¥1gCl. resulted in higher rates of extraneous banding.

Increasing congdrations ofMgClz in PCRswhen usinddNA from fecalsamplesas
template producedwo contradictoryoutcomeshigher rate of extraneous banding fromnon
specific primer binding and increased amplification rate of the targeted r&gioim extraneous
banding can be particularly problematic if amplification of a-target region occurs close to, or
within, the size range of the expected ampljcbos potentially producing false alleles
Throughout the optimization process for the black rhino micetigaes various concentrations of
MgCl, were tested, ranging from 1.5mM to 5.0mM. In orderetain the desired effect of
improved amplification rate of targeted loci while eliminating the-specific amplification
byproduct of high MgClconcentrationgannealing temperature ranges and length of elongation
steps were adjusted. Touchdown thermal cycles were implemented for all reactions; of the two
thermal profiles with annealing temperature ranges of B0°C or 66/ 56°Cwith step downs
of 2°C,the 66i 56°Crangereduced the extent of extraneous bandirgs range of annealing
temperatures was tested with elongation time&0afecondsl5 secondslOsecondsnd 5
seconds. A substantial reduction in extraneous banding was observed with the elotigegns
less than 30 seconds; however, no distinct difference was seen between 10 and 5 second
elongations.

In a final series of optimization steps the number of cyateeach annealing temperature,
the total number of cycleand total reaction volumaerevaried. Initially 3 or 5 cycles at each
touchdown temperature from 668°C were tried with a total of 45 cycles; no observable
difference in rate of amplification was noted. Remaining touchdown thermal cycles were
conducted with 4 cycleat each annaling temperature from 6658°C. A totalof either 45 or 60
of cycleswas completed; while 60 cycles appeared to increase the strength of the amplicon it
alsocausedncreased primer dimer and stronger patterns of extraneous banding. A total of 45
cycles,or fewer, was considered optimal for all further PCRee last modification tested was

increasing the total PCR volume from 10ul taér 40ul. Thelargestoverall improvement of
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any adjusted parameter was seen with increased reaotione. A reactia volume of 40ul with
4ul of DNA template produced the most positive amplifications.

For all amplificationreactions using microsatellite markers in black rhinoceros fecal
DNA sampleghe following parameters were used: extraction of DNA using the modified
Qiagen protocol, one treatment with fygnmoOn e St e p E P CRRmdvai Kitiadcarding r
to manufacturér s r e c o pnotoeah, dneildited DNA, and AmpliTag Gold enzyme. The
thermalprofile used wasn initial denaturation a5°C for 10min; cycles of 15 sec at 95°C,
followed by 15 sec at 66°C, 64°C, 62°C, 60°C, 58°C (4 cycles at each temperature) &%6°C (
cycles),and 10 sec at 72°C; and a final extension of 30 min at Z&3@itial subset of three
fecal DNA samples was tested at 16 loci with a final concentration of 3.0mM Mg to
some extraneous banding complete runs including all 17 black rhino fecal DNA samples were
tested twice with th&nal concentration of MgGlof 1.5mM and2.5mM.

Fecal genotyping error rate

Given that amplification of microsatellites in fecal samples appears to be highly impacted
by final MgChk concentrationan initial roundof testing using threfecal DNA samplegcross
16 loci witha finalconcentration of 3.0mM MgCl®&as completedOverall, genotypes were
obtained foi91.7% of theloci among all sample86.4% of the obtained genotypes were correct
with a total allelic dropout rate & 8% (excluding loci with no amplificatigrand no false
alleles(Tables 2.9 & 2.10Thus, nultilocus genotypes showed high amplification success rate
across thdoci with moderate occurrence of allelic drop out and no false alleles. However, due to
extraneous banding at multiple loci close to the expectedasipe of the targeted amplicon
lower MgCk concentrations were used for further testing on all black rhino fecal DNA samples.
Overall, out of 16 loci amplified in black rhinoceros fecal samples with a final
concentration of Z3mM of MgCl. the average nungbp of loci successily genotyped per sample
was 10.2 Five of the samples showathplificationsuccess a@d 5 0 fést mitrosatellitdoci.
Total amplification success rate across all markers and individaal€4.06; within sample
rate of amplificatiorranged from 12.5%2 out of 16loci) to 1006 (Table 2.1). The proportion
of correct single locus genotypes wds%0 whencompared to those obtained from matched

blood sample¢Table 2.1}); however, there was a widariation ingenotyping error between
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samplesOverallerror rates across all loci in all individualere10.6% incidence of allelic

dropout an®.2% false alleleate(Table2.11). Allelic dropout rate variethy locusrangingfrom

0% (Dibi3) to 50%(Dibi34) (Table 2.12. False allele ratper locus rangedrom 0% (at 11 loci)

to 33%(Dibi34); a total of 5 loci showed evidence of false all€lesble 2.12. High values for

allelic dropout and false allelegereskewed by oalocus Dibi34) which exhibited poor
amplification whenDibi34 is excluded from consideration the highest rate of allelic dropout was
20% (Dibi25) and the highst rate of false alleles was 1% {Dibil5) (Table 2.12.

Overall, out of 16 loci amplified in black rhinoceros fecal samples with a final
concentration of BmM of MgCl. the average number of loci successfully genotyped per sample
was 9.1. Six of the samples showeTdtalampl i fi cat
amplification success rate across all markersiagigdidualswas 56.66; within sample rate of
amplification ranged from 0%® out of 16 loci}o 88%(14 out of 16 lociTable 2.13. Two
markers Dibi24 andDibi34) failed toamplify alleles in any sampl&@heproportion of corret
single locus genotypes was ™ 3vhen compeed to those obtained from matched blood
sampleqTable 2.13. Across d markers and loci there was an 1% 7ate of allelicdropout and
1.3% false allele ratéTable 2.13. Allelic dropou rateper locusvaried across loci from 3%8
(Dibi9) to 25%(Dibi25 andDibi56), and falseallele rateper markerangedfrom 0% (at 10 loci)
to 4.6% Dibi22); a total of 4 loci showed evidence of false all€leable 2.13.

The Sumatran rhinbigh quality fecal samplé©Osu44) showed no evidence of allelic
dropout or fése alleles athesix loci for which both blood and dung DNA were genotyped in
any of the three repeated amplifications. The lowigusample (Dst28) showed reduceathtes
of successful amplificatioaver three rounds of amplification at the saixdoci, producing
ampliconseighttimes (out of 18 reactions). four of these amplificatioeithe correct genotype
was present, one amplification showed allelic dropout,matitreeamplificatiors (all at the
same loci) a false allele was present. Atdtieer 23 markers Dsé#4 produced genotypes for 22
loci in one round of amplificatiorhased on comparison to parental genotypes there appears to
be no evidence afnexpected alleles or allelibsu28 produced genotypes fsix out of the
additional 23oci, threeof the genotypes are the same as those obtained in blood samples while
there is evidence of allelic dropaaitthe other threeSince the Sumatran fecal samples were

amplified prior to completion of all troubleshauj parameters discussed abavenajority of
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the reactions were only tested in a final reaction volume of $Qatess ratef the lower quality

sample would likelyoe improved with increased reaction volume.

Discussion

Large sequence databases produceaklygeneratiorsequencig platforms have been
used to identify and develop high numbers of informative microsatellite loci for many species
(Castoe et al. 2010; Csencsics et al. 2010; Saarinen & Austin 2010; Lepais & Bacles 2011,
Brandt et al. 2013b)Jsing two NGS platforms and unique bioinformatics pipelingasableto
characterize microsatellite markehst will ultimately be used farensusing populatiors two
species of endangered rhinoceirasn noninvasively collected fecal samplé&roughRoche
454 sequencingf a black rhinoceros sample 17 polymorphic wsatellies were characterized;
initial results suggest these markers can be successfully impleneateglify DNA from fecal
samples. For the Sumatran rhinoceros a novel bioinformatics pipeline was developed to scan
large sequencing databases, contgimine or more individuals, for putatively polymorphic loci.
From llluminaMiSeqdatabases of two Sumatran rhin@p2lymorphic microsatellites were
identified and characterizedhis study found that microsatellite labesigned to amplify short
target rgions (< 200kpecifically for use in low quality, degraded DNA sourcasbe
characterizethy employingvariousbioinformatics techniques diGS databases.

Previous studies have found that among black rhino subspBciesmichaelis the
most diverse anb. b. minoris the least divers@Harley et al. 2005; Scott 2008; Karsten et al.
2011) Unexpectedly, observed heterozygosiéyculated from the 17 variable microsatellite loci
characterized in this studyas slightly higher among tH2. b. minorindividuals (Hb = 0.43)
compared to th®. b. michaelindividuals (Hb = 0.39); althogh the average number of alleles
per locus was higher in thi2 b. michaelsamples (A = 3.4) than in th& b. minorsample (A =
2.5). Additional samples would be needed to further assesw/#érsity within each subspecies
To confidently determine inddual identity f < 0.001)using estimates ofif?and Rbsin (Walits
et al. 2001petween 8 and 14 Iqadiespectivelyare needed fdp. b. mthaeliand between 9 and
15 loci, respectively, are needed rb. minorindividuals. It may be possible to achieve
individual identity using fewer loci, if the most informative markers for each subspecies are

used.The novelmicrosatellite markerdesighed here amplified successfully in both subspecies
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and have the capacity for individual identification; as such, theybe widely implemented in
conservation genetic studies of black rhinoceros populations.

The Sumatran rhinoceros is one of the mosaagdred mammalian species; yet, due to a
lack of available high quality samples very little genetic research has been conducted on this
speciesThe Sumatran rhinoceroahich is likely to exhibit low levels of genetic diversidyg a
result of genetic drifand potential inbreeding duripgrsistence in small, isolatpdpulations
(Frankham 2005; Jamieson 20,yas usedhs a study spexsfor the validation of a novel
bioinformatics pipelineThis pipeline scans genomic data for putatively polymorphic loci, which
can reduce the amount of time, money, and sample expended in theitepcharacterization
of microsatellite markers. By agparing the expected amplicon length of microsatellite loci
within and between Wlimina sequencing databases for two Sumatran rhimodreds of likely
polymorphic markers were identified without lab work. Wiiea best 55 putatively
polymorphic markers we tested on six Sumatran rhino samplésv2re found to amplify
consistently antb bevariable As expected, the Sumatran rhino exhibited low levels of diversity
across the markers (A = 2.4pH 0.30) and a high fixation index§= 0.44), indicating
potential inbreeding osubpopulation structuring witthnthe genotyped sampl€ebo confidently
determine individual identityp(< 0.001) using estimates obRand Rbsb) (Waits et al. 2001)
between 10 and 1l@ci, respectively, are needethe number of markergquiredto identify
individuals will vary based on the composition of the population being surveyptevent
underestimation of abundeemore markers will need to be implemented when populations have
lower diversitywhich results in individuals sharing multicus genotypegrlaberlet and Luikart
1999;McKelvey & Schwartz 2004)Development of microsatellite markers that amplify short
amplicons, and are therefore likely to be successful in genotyping from fecal séButleset
al. 2003;Ishida et al. 2012; Brandt at. 2013b) is immensely important for conservation
allowing forcensusing studies aiblogical surveys oSumatran rhinos.

Several previous studies have successfully estimated populatidygjeaotyping DNA
from fecal sample&ohn et al. 1999; Bellemain et al. 2005; Mowry et al. 2011; Bonesi et al.
2013; McCarthy et al. 20157 here are, however, matgchnicalconsiderations to be made
when working with fecal samples given the propensity for amplification and genos#porg
resulting from the degraded nature of the IISA andthe presence of netarget DNAand
PCR inhibitorg Taberlet & Luikart 1999; Taberlet et al. 1999; McKelvey & Schwartz 2004)
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is clearfrom this studythat amplification success rate and genotyping error are associated with
sanple quality, marker design criteria, and PCR protocols. By optimizing each of these
components$ wasable to validate the use of microsatellites in DNA samples from rhino feces.
Markers or samples that failed consistently despite optimization pro{eapldibi34) are

likely to low quality and should not be included in censusing std@iserlet & Luikart 1999)
Theparameters that appeared to most impact amplification success in the rhinoceros samples
were reaction volume and MgQGioncentrationMagnesiunchloride concentration in PCR alters
the activity and specificity of Taq polymerase (Williams 1989; Harris and Jones 1997). Increased
concentrations of MgGlare often found to improve the success of amplification in reactions
with low target DNAcopy number; however, high concentrations of Mg@h result in non
specific binding and the amplification of extraneous product (Williams 1989; Harris and Jones
1997).To combat the problems associated with varying MgGhcentrations annealing
temperaures and cycle lengths must be adjusted to prevent extraneous banding or weak
amplification.Poor amplification or genotyping error can result in overestimation of population
size(Waits & Leberg 2000; Creel et al. 2003; McKelvey & Schwartz 200wrefore, it is

essential to limit these sources of error when possible.

Since nornvasive studies are prone to the incorporation of multiple samples
representing the same individ@hberlet & Luikart 1999; McKelvey & Schwartz 2004)s
important to implement a panel of markeiigh relatively low rates of false alleles and allelic
dropout In the black rhino fecal sam@egenotypingerrors fromallelic dropoutweremore
common tharerrors caused by the presenceadéé alleleswhich is consistent with previous
studies(Lucchini et al. 2002; McKelvey & Schwartz 200Rates of amplification and
genotyping success vary widely in the published literaturee¥ample genotyping dfiorth
Americanriver otter scat samples yielda@4% success rat@owry et al. 2011while analyss
of mountaingorilla feces generated over 98% success(fatschanski et al. 2009 or the
black rhinoceros fecal samples in this stadyplification success rate, calculated as the
proportion of samples for which a genotype cdugdscored, rangddom 56.6% to 91.%
depending on thBCR conditionsamplification success rate decreased as Mg@icentration
was reducedSimilarly rates of allelic dropout andiéa allele genotyping error variggeatlyby
marker and sampl€&orthe black rhinos the rate of allelic dropout ranged fro&i @.1.7% and

false alleles from 0 3.2%; higher concentrations of Mg&tended to result in lower rates of
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allelic dropout but higher rates of false allel@sher studies have reported simibamworse
performance of microsatellites in fecal samples, e.g., 12% dropout rate in wolGuineg(lo
feces(Hedmark et al. 2004nd 18% dropout in woliGanus lupupscatgLucchini et al. 2002)
When implementing these markers for population censusing of black rhinos it will be essential to
usea multitube(Taberlet et al. 1996)r a modifiedmulti-tubeapproachFrantz et al. 2003;
Paetkau 2003p reduce the instance of mdentifying two samples from the same individual as
unigue Amplification of each sample multiple times prevents incorrectly assigning a genotype
that has been impacted by allelic dropout or falletes. In the wolverine study by Hedmark and
colleagues (2004) it was noted that aftemplifying each sample three timals multi-locus
genotypes, determined by consensus, were caroegpared to fierencegenotypes frontissue /
blood sampled~urtheranalysis of these novel markers through a stulie or modified multi

tube approach will provide an accurate estimate of allele scoring error rates per locus.

The black rhinoceros fecal genotyping project is being done in conjunctiotheith
Namibian Mnistry of Environment and Tourism afamibian rhinoceros managdosreach the
goal of censusing populations usimgrrinvasively collectedamplesDevelopment of
polymorphic microsatellite loci that reliably amplify in fecal samples feonsitublackrhinos is
the first step in reaching the larger project gdak studies in progress dfamibian black
rhinoceros sampleare designetb answer the followingnainquestions: how reliable are the
novel microsatellite markers for genotyping of fecal sasypbdiected from wild animaland
does sampling scheme impact census estimateeh sampling scheme provides the most
accurate census estimat®. validate the utility of these markers in censusing of Nambian black
rhinoceros populationshreesample collection schemes are ongoing. The first sampling scheme
will be used to further assess amplification success and error rates in the Namibian black rhino
subspeciefD. b. bicornig; for this paired blood and fecal samples have been collected from
anesthetized wild animals that are undergoing routine medical procedures / vaccinations / ear
notching. The second collectidlesign involvesantipoaching units that routinely track
individual animalsthesefecal samples will be collected immediateljeafdefecatiorand will be
used to assess how well the markers amplify in fresh wild sanipfieghird sample set will be
come from a private game farm with a known population size. These samples will be collected
by guides during game drives and by wflellmanagers out in the field; they will represent the

most likely scenario under which fecal samples will be collected for censusing efforts. Most
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often these samples wil/l have been exposed to
48 hour$ before collection and which animal they are from will not be kndwoim this third
sample set we will assess if genotyping of fecal samples provides an accurate census estimate
when compared to the known number if animals on the reserve.

Similarly, theSumatran rhinoceros fecal genotyping project is being done in conjunction
with Indonesian collaboratorsho have already begun testing the microsatellites in fecal
samples collected from wild populatioff$iey have producegreliminary results suggesg that
genotypes can be successfully obtained for population censtibimgeed for better methods to
survey and census populations of Sumatran rhinos has become abundantécelaéy. A
population estimatef about 200 individuals has been reportedesi2@09; however, an updated
estimate finds no more than 100 individuals persist across the SumatrafHawngeller et al.
2016) It is also noted that the current number contains a large amount of uncertainty due to a
lack ofpopulation data for many regioasn d ar e gener akstimnateDlintes i der ed
management decisiof@r all rhinoceros speciese based on census values and surveys of
suitable habitat it is crucial to have reliable methods for estimating paputate.

Given the high success rate observed using lowreme genomic shotgun sequerices
design potentially polymorphic loci for the Sumatran rhinocérissreasonable to assume that
this approach can be implemented in other speSieslarly tothe Sumatran rhino, the Javan
rhinoceros population has persisted in low numbers for many genenatibriswerthan65
individuals estimated to remajdong2016) It is likely that theeremaining individualsvill
exhibit some degree of loss of genetic diversity. Further, it is very difficult to gain access to high
guality samplesand there are no Javan rhinos held in zo@xaitubreeding facilitiesWith a
set of Javan rhino bones obtained from various international museums, we intend conduct
lllumina HiSeq sequencing amdentify potentially polymorphic markerssing the
bioinformatics pipeline discussed he@verall, this study has resultedparels of microsatellite
markers will be useful in estimating population census size and informing managers about the

genetic diversity andtatusof these endangered species.
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Tables

Table 2.1. Black rhinoceros sample information.

Lab ID Subspecies Specimens Institution Sex I\B(Ier;? S&%ﬁ?ggrk Sire Dam
Dbi-870 michaeli Blood/dung Cincinnati Zoo M 2002 870 488 397
Dbi-294 michaeli Blood/dung Oklahoma City Zoo F 1999 294 169 190
Dbi-490 michaeli Blood/dung Oklahoma City Zoo M 1995 490 301 53

Dbi-664 michaeli Blood/dung Lincoln Park Zoo M 1997 664 377 213
Dbi-362 michaeli Blood/dung Lincoln Park Zoo M 1986 362 259 202
Dbi-935 michaeli Blood/dung Lincoln Park Zoo F 2008 935 636 677
Dbi-683 michaeli Blood/dung Cleveland Metroparks Zoo F 1993 683 wild  Wild
Dbi-904 michaeli Blood/dung Cleveland Metroparks Zoo F 2003 904 457 683
Dbi-957 michaeli Blood/dung Cleveland Metroparks Zoo M 2012 957 435 904
Dbi-718 minor Blood/dung Fossil Rim Wildlife Center F 1999 718 401 462
Dbi-667 minor Blood/dung White Oaks Conservation Center M 1997 667 522 410
Dbi-521 minor Blood/dung White Oaks Conservation Center M 1999 521 378 410
Dbi-669 minor Blood/dung White Oaks Conservation Center F 2005 669 401 462
Dbi-847 minor Blood/dung Disney Animal Kingdom F 2000 847 670 486
Dbi-873 minor Blood/dung Disney Animal Kingdom M 2001 873 670 574
Dbi-868 minor Blood/dung Fossil Rim Wildlife Center M 2001 868 465 411
Dbi-0022 minor Blood/dung Fossil Rim Wildlife Center Unassigned
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Table 22. Sumatran rhinoceros sample information.

Lab ID Sp_lt?;:/:ameen Name Institution Sex I\B(Ier;? S&ti’#ggk LOCO&;E;C}E of
Dsu-33 DNA Rami San Diego Zoo (ICR) F 1991 33 Sumatra
Dsu-35 DNA Tanjung San Diego Zoo (ICR) M 1980 35 Sumatra
Dsu-28 Blood/dung Ipuh Cincinnati Zoo M 1980 28 Sumatra
Dsu-29 DNA Emi Royal Ontario Museum F 1988 29 Sumatra
Dsu-63 DNA Merah Royal Ontario Museum F 1980 19 Malay Peninsula
Dsu-64 DNA Minah Royal Ontario Museum F 1987 15 Malay Peninsula
Dsu-66 DNA Panjang Royal Ontario Museum F 1983 13 Malay Peninsula
Dsu-44 Blood/dung Harapan Cincinnati Zoo M 2007 44 Captive born
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Table 2.3 Characterization of genetic diversity in Hack rhinocerosmicrosatellites.

Locus Repeat Motif Primer Sequence (5' - 3) A Size Range (bp) He Ho Fis
o F: GTCAGGCTTGGGTGTGTAAC
Dibi3 AC(8) 3 145 - 155 012 012 -0.02
R: TTGGGCAAGTGGTGGGTTAG
o F: CAGAGTGACCAGGGTGTGTC
Dibi5 AC(8) 2 170 - 172 051 053 -0.01
R: ATCCTTCTCCAGTGCCTGTG
o F: GCTCTGCCAACTTCCTCTTC
Dibi9 AC(13) 2 134 -136 0.40 0.29 0.27
R: GGTGTGTGACATGGCATCAG
o F: GACATGACAGAGACGGGAGG
Dibil5 AC(19) 6 135 - 157 0.71 041 0.43
R: AGGCTGTGCTTCTTGGAGAG
o F: CTGCCGGTTATTCACGATGG
Dibi22 AC(8) 2 166 - 170 0.40 0.18 0.57
R: GTCTTCAGGCTTACACACCC
. F: TTACGTCCGAGAAAGCCTGG
Dibi23 CG(9) 2 133-135 0.22 0.12 0.48
R: CAAACCGTTGCTTCTTTGTGAG
o F: TGGCCTCCTTAAAGAACAGC
Dibi24 AC(12) 7 130 - 142 0.85 0.77 0.10
R: TGACAGTGGGTTGGCTAAGC
. F: GACAGATTCCTTGGGCACAC
Dibi25 AC(13) 6 146 - 162 0.76  0.65 0.15
R: GCAACAGACAACAGTAGGGC
. F: GAATAACTCAGTTTGGGCGC
Dibi26 AC(10) 7 157 - 179 0.71 0.29 0.59
R: TGCATTTCTCAGTGCCCAC
. F: AACCTTACCACAGCCTCTCC
Dibi27 AC(10) 4 168 - 174 0.75 0.53 0.30
R: ACTGACAGATGTGGGACCTG
. F: TAATGCCCTCAGAGTCCACC
Dibi32 AC(10) 7 166 - 182 0.81 0.53 0.35
R: AACAGCCTAAGTGTCCATCAG
. F: GATGCCCGGAGAAATGATGC
Dibi34 AC(19) 5 136 - 144 0.65 0.47 0.28
R: TGTCTGGTCATCGTTCACAAG
. F: ACCAGATCTACCAACCTGCC
Dibi48 AC(8) 2 132 -134 0.37 0.12 0.69
R: AAGCTGGCTGTGGAGAGAAG
. F: TAGCCCAGGGTCAATCTTCC
Dibi49 AC(11) 8 165 - 185 0.88 0.77 0.14
R: TGAGTGTCCCTGTGCAGAAC
o F: GGGTGATGTTTAAAGCCTCACC
Dibi50 AC(13) 3 147 - 151 0.35 0.29 0.16
R: AAGATTGGCATTGGATGTTAGC
. F: AGAAGCCTCCTCTGCAGATC
Dibi51 AC(10) 2 150 - 152 0.26 0.29 -0.14
R: CCTTAGCTTACTCTCACTGCC
. F: TCTCCACAGCCAGTCTTTCC
Dibi56 AT(8) 3 162 - 166 0.66 0.59 0.11

R: GTAAACATGCTCCTGACACATC

A is the mean number of alleles per locus.

He is the mean expected heterozygosity.

Ho is observed heterozygosity.

Fis the average deviation from Hardy-Weinberg proportions.
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Table 2.4. Genetic diversity in black rhinoceros
subspeciesat 17 novel microsatellite loci

D. b. michaeli D. b. minor

Locus A He Ho Fis A He Ho Fis
Dibi3 3 022 022 -003 1 0.00 0.00 -
Dibi5 2 052 044 0.16 2 053 0.63 -0.21
Dibi9 2 011 o011 - 2 053 050 0.07
Dibil5 5 0.64 056 0.14 2 023 0.25 -0.08
Dibi22 2 053 0.33 0.38 1 0.00 0.00 -
Dibi23 3 031 0.11 0.65 2 013 013 -
Dibicz4 5 074 078 -006 3 068 0.75 -0.12
Dibi25 6 086 0.78 0.10 3 057 050 0.13
Dibi26 4 053 0.11 080* 4 064 0.50 0.23
Dibi27 4 060 0.44 0.26 3 063 0.63 0.00
Dibi32 6 0.72 0.67 0.08 2 053 038 0.30
Dibi3d4 4 065 056 0.15 3 034 038 -0.11
Dibi48 1 0.00 0.00 - 2 053 025 0.55
Dibi49 4 073 078 -007 5 081 0.75 0.08
Dibi50 3 045 033 0.27 2 023 0.25 -0.08
Dibi51 1 0.00 0.00 - 2 046 0.63 -0.40
Dibi56 3 0.60 0.44 0.27 3 066 0.75 -0.15

A is the mean number of alleles per locus.

He is the mean expected heterozygosity.

Ho is observed heterozygosity.

Fis the average deviation from Hardy-Weinberg proportions
*statistically significant, p <0.05.
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Table 2.5. Estimates of probability of identity (Pp) and probability of identity between
siblings (Ppsib)) with total Pip and Piosib) among genotypes within black rhino subspecies.

D. b. michaeli D. b. minor
Locus Pip Total Pip Pip(sib) Total Pip(sin) Pip Total Pip Pibsiny  Total Pipgsib)
Dibi3 0.64 0.6439 0.81 0.8091 1.00 1.0000 1.00 1.0000
Dibi5 0.38 0.2435 0.60 0.4835 0.38 0.3790 0.60 0.5987
Dibi9 0.81 0.1964 0.90 0.4348 0.38 0.1421 0.59 0.3555
Dibil5 0.21 0.0414 0.50 0.2175 0.63 0.0902 0.80 0.2841
Dibi22 0.38 0.0155 0.59 0.1292 1.00 0.0902 1.00 0.2841
Dibi23 0.53 0.0082 0.74 0.0951 0.79 0.0709 0.89 0.2523
Dibi24 0.14 0.0011 0.44 0.0414 0.21 0.0150 0.49 0.1228
Dibi25 0.06 0.0001 0.36 0.0150 0.28 0.0042 0.56 0.0681
Dibi26 0.30 <0.0001 0.58 0.0086 0.21 0.0009 0.50 0.0342
Dibi27 0.24 <0.0001 0.53 0.0046 0.24 0.0002 0.52 0.0177
Dibi32 0.15 <0.0001 0.45 0.0020 0.38 0.0001 0.60 0.0106
Dibi34 0.20 <0.0001 0.50 0.0010 0.49 <0.0001 0.71 0.0075
Dibi48 1.00 <0.0001 1.00 0.0010 0.38 <0.0001 0.59 0.0045
Dibi49 0.16 <0.0001 0.44 0.0005 0.10 <0.0001 0.40 0.0018
Dibi50 0.38 <0.0001 0.63 0.0003 0.63 <0.0001 0.80 0.0014
Dibi51 1.00 <0.0001 1.00 0.0003 0.42 <0.0001 0.64 0.0009
Dibi56 0.27 <0.0001 0.53 0.0002 0.22 <0.0001 0.50 0.0004

Pio is the probability of identity.
Pipsib) is the probability of identity between siblings.
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Table 26. Characterization of genetic diversity in Sumatran rhinoceros microsatellites.

Locus Primer Sequence (5' - 3) A  Size Range (bp) He Ho Fis
) F: AAACTACAGGCACGTACAGC
Disu542 2 128 - 130 0.20 0.20 --
R: TTGAGAGATGAGGTGCGGTC
) F: TGGCCACATCTTCAGCATTAAG
Disu501 2 155 - 157 0.47 0.60 -0.33
R: GCACCTAACACAGTTACAGGC
) F: GCCAATTAAATCTACCTGCCAC
Disu556 2 168 - 174 0.25 0.25 -
R: GCCAAGACTCAAACCCAGG
) F: GAAGCTGTATGTCCGGATGC
Disu863 2 162 - 166 0.36 0.40 -0.14
R: GCTAAACAGACCTTCCTCAGAG
) F: CAGGTTTCGTTACTGCAGGAC
Disu448 2 154 - 156 0.20 0.20 -
R: TCTGGTGACCTGAGATGCAC
) F: TGGAGAGAATTTCAGACATGGG
Disu201 2 156 - 158 0.53 0.00 1.00
R: CTAGCCCAAGATCCATTGGC
) F: AAAGTCGCCTCTCACACACC
Disu847 2 138 - 140 0.20 0.20 --
R: TCAGAGCCTCCTTGTAAGCG
) F: AGTGAGCAAGGGAATGTGTG
Disu393 2 155 - 157 0.36 0.40 -0.14
R: GGGTGCTGTCTCTTGATTGG
) F: TGGCACAGAGACACCCATG
Disu733 2 151 - 159 0.36 0.00 1.00
R: TCTGTGGTGGTAGCTGTGAC
) F: GAGCGTGCATGGTAGTTTCC
Disu149 4 160 - 162 0.73 1.00 -0.43
R: GGTTCTCATAGCAGACGGAG
) F: CCTTGCCTTGCCTTCAATCC
Disu783 3 126 - 134 0.51 0.60 -0.20
R: CCATCCTTTCTCCTACACAGAC
. F: CTCCCACATTCAGCAAACTTTC
Disu050 3 160 - 166 051 0.20 0.64
R: CCAGGCAGTGATGACTCTAC
) F: CCTTGATTGGTGGGTTCCC
Disu748 3 106 - 116 0.64 080 -0.28
R: AGAGAGAGCGCACGTGTG
) F: AAACAGGGAAACAAGGTGCG
Disu476 3 162 - 174 0.60 0.80 -0.39
R: GACTGCGCCCTTTCTGTTAG
) F: CATTGTGCTCGCTACGCAG
Disul51 2 135-137 0.36 0.00 1.00
R: CTAGGTGTCAAGAGCCAGGG
) F: CCACCACCACCATGCATAG
Disul27 2 162 - 164 0.36 0.00 1.00
R: CATTTGCTCCCATGCTGAAG
. F: GCTAGGAGAGGGTGTTGGAC
Disu098 4 98 - 126 0.78 0.20 0.76
R: TGGTAGCCTTGCCTCTTTCC
) F: TCTGTGGTGGTAGCTGTGAC
Disu582 2 144 - 152 0.36 0.00 1.00
R: TGGCACAGAGACACCCATG
) F: TGTGGACTTGTCATATATGGGC
Disul100 2 120 - 122 0.36 040 -0.14
R: TTCATCCATGCTGTCACAAATG
. F: CCTGCCTTCTAGTCCTGTGG
Disu480 2 112 - 116 0.47 0.20 0.60
R: AGCAAGCAGGATCAGGAAGG
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Table 2.6 Cont.

Locus Primer Sequence (5' - 3) Size Range (bp) He Ho Fis
) F: CCACGTCCCAGGTCAAGAG
Disu593 164 - 166 0.56 0.20 0.67
R: AGCTGTTCCTGGTGGCTC
) F: TATCATGTCACAAGCACGCG
Disu487 148 - 160 0.20 0.20 --
R: GTCTTCTTCACGACAGCACC
) F: TGTTGTCCAAGCTGTGTCTG
Disu545 148 - 150 0.20 0.20 --
R: TGGCAGCTGGTACCTAACAG
) F: TTCCAGCCGCTCTTATGACC
Disu076 125 - 129 0.53 0.00 1.00
R: TCATGTGCTTATTGGCCATCTG
) F: CAAGACCACACCTGCTTGTC
Disu269 115 - 152 0.60 0.33 0.50
R: ACTCACTCATCACCCAGCC
) F: AAACCATACGCGGGAGAAGG
Disu261 150 - 166 0.60 0.33 0.50
R: GAAGGGAAGATCATGCAGGAG
) F: TTGAGATGCATTGCCGTGG
Disu071 168 - 172 0.73 0.33 0.60
R: CCATGGTTTCTGCATCGTGG
) F: TCTGGATACCTGAGGCTTGAC
Disu033 152 - 164 0.53 0.00 1.00
R: ACTGGCATCACTTCTTTCCC
) F: GGGACACATGACTCCTCTTATC
Disu138 167 - 169 0.53 0.00 1.00

R

: CCACTCCACCTTATACTACCAC

A is the mean number of alleles per locus.
He is the mean expected heterozygosity.
Ho is observed heterozygosity.

Fis the average deviation from Hardy-Weinberg proportions.
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Table 2.7 Estimates of probability of identity (Pp)

and probability of identity between siblings (Fbsib))
with total Pio and Psib) values among genotypes
of Sumatran rhinoceros.

Locus P Total Pip Pipsib)y  Total Pipgsib)
Disu542 0.69 0.6886 0.83 0.8322
Disu501 0.42 0.2924 0.65 0.5378
Disu556 0.63 0.1855 0.80 0.4298
Disu863 0.51 0.0953 0.72 0.3088
Disu448 0.69 0.0656 0.83 0.2569
Disu201 0.39 0.0253 0.61 0.1558
Disu847 0.69 0.0174 0.83 0.1297
Disu393 0.51 0.0089 0.72 0.0932
Disu733 0.51 0.0046 0.72 0.0669
Disu149 0.18 0.0008 0.47 0.0311
Disu783 0.34 0.0003 0.61 0.0188
Disu050 0.34 0.0001 0.61 0.0114
Disu748 0.26 <0.0001 0.53 0.0060
Disu476 0.29 <0.0001 0.55 0.0033
Disu151 0.51 <0.0001 0.72 0.0024
Disul27 0.51 <0.0001 0.72 0.0017
Disu098 0.14 <0.0001 0.44 0.0007
Disu582 0.51 <0.0001 0.72 0.0005
Disu100 0.51 <0.0001 0.72 0.0004
Disu480 0.42 <0.0001 0.65 0.0002
Disu593 0.38 <0.0001 0.59 0.0001
Disu487 0.69 <0.0001 0.83 0.0001
Disub545 0.69 <0.0001 0.83 0.0001
Disu076 0.41 <0.0001 0.63 0.0001
Disu269 0.30 <0.0001 0.58 <0.0001
Disu261 0.38 <0.0001 0.59 <0.0001
Disu071 0.23 <0.0001 0.50 <0.0001
Disu033 0.41 <0.0001 0.63 <0.0001
Disul138 0.41 <0.0001 0.63 <0.0001

Pio is the probability of identity.
Pipsib) is the probability of identity between siblings.
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Table 2.8 DNA concentration in black
rhinoceros fecal isolates using various
extraction protocols.

Kit Protocol Modified Protocol

Sample (ng/ul) (ng/ul)
Dbi-294 0.335 92
Dbi-362 - 84.6
Dbi-664 - 70.4
Dbi-957 - 56.6
Dbi-847 7.76 56.4
Dbi-667 1.4 97.6
Dbi-683 - 29.6
Dbi-669 0.378 62.8
Dbi-490 0.224 67
Dbi-521 1.19 90
Dbi-904 -- 9.44
Dbi-873 9.3 19.1
Dbi-935 - 55.52

Dbi-870 10.6 28.6




Table 2.9 Fecal genotypingsuccess and error rate®y sample with final MgClz
concentration of 3.0mM per amplification reaction.

sample 0N ee 3y Genowypes (6 Allsles (g APO(H  FA(H)
Dbi-718 16/16 (100) 16/16 (100) 32/32 (100) 0/32 (0) 0/32 (0)
Dbi0022 15/16 (93.8) 12/15 (80.0) 27/30 (90.0)  3/30(10.0)  0/30 (0)
Dbi-868 13/16 (81.3) 10/13 (76.9) 23/26 (88.5)  3/26 (11.5)  0/26 (0)
Overall 44/48 (91.7) 40/44 (86.4) 82/88(93.2)  6/88(6.8)  0/88 (0)

ADO is allelic drop out.
FA is false alleles.
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Table 2.10. Fecal genotyping success and error rates by microsatellite

locus with final MgCl2 concentration of 3.0mM per amplification reaction.
Individuals Correct Correct

Locus Genotyped (%) Genotypes (%) Alleles (%) ADO (%) FA(%)
Dibi3 3/3 (100) 3/3 (100) 6/6 (100) 0/6 (0) 0/6 (0)
Dibi5 3/3 (100) 2/3 (66.7) 5/6 (83.3) 1/6 (16.7) 0/6 (0)
Dibi9 3/3 (100) 2/3 (66.7) 5/6 (83.3) 1/6 (16.7) 0/6 (0)
Dibil5 3/3 (100) 3/3 (100) 6/6 (100) 0/6 (0) 0/6 (0)
Dibi22 2/3 (66.7) 2/2 (100) 4/4 (100) 0/4 (0) 0/4 (0)
Dibi24 3/3 (100) 3/3 (100) 6/6 (100) 0/6 (0) 0/6 (0)
Dibi25 3/3 (100) 1/3 (33.3) 4/6 (66.7) 2/6 (33.3) 0/6 (0)
Dibi26 3/3 (100) 3/3 (100) 6/6 (100) 0/6 (0) 0/6 (0)
Dibi27 3/3 (100) 2/3 (66.7) 5/6 (83.3) 1/6 (16.7) 0/6 (0)
Dibi32 3/3 (100) 3/3 (100) 6/6 (100) 0/6 (0) 0/6 (0)
Dibi34 2/3 (66.7) 2/2 (100) 4/4 (100) 0/4 (0) 0/4 (0)
Dibi48 3/3 (100) 3/3 (100) 6/6 (100) 0/6 (0) 0/6 (0)
Dibi49 3/3 (100) 2/3 (66.7) 5/6 (83.3) 1/6 (16.7) 0/6 (0)
Dibi50 2/3 (66.7) 2/2 (100) 4/4 (100) 0/4 (0) 0/4 (0)
Dibi51 3/3 (100) 3/3 (100) 6/6 (100) 0/6 (0) 0/6 (0)
Dibi56 2/3 (66.7) 2/2 (100) 4/4 (100) 0/4 (0) 0/4 (0)

ADO is allelic drop out.
FA is false alleles.
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Table 2.11 Fecal genotypingsuccess and error rateby sample with final MgCl2
concentration of2.5mM per amplification reaction.

sample b cee 0 Genonpes () Allsles g APOOO  FA(%)
Dbi-718 15/16 (93.8) 13/15 (86.7) 28/30 (93.3) 2/30 (6.7) 0/30 (0)
Dbi-667 15/16 (93.8) 14/15 (93.3) 29/30 (96.7) 1/30 (3.3) 0/30 (0)
Dbi-521 14/16 (87.5) 10/14 (71.4) 24/28 (85.7) 3/28 (10.7) 1/28 (3.6)
Dbi-669 11/16 (68.8) 10/11 (90.9) 21/22 (95.5) 1/22 (4.6) 0/22 (0)
Dbi-847 9/16 (56.3) 6/9 (66.7) 15/18 (83.3) 3/18 (16.7) 0/18 (0)
Dbi-873 3/16 (18.8) 1/3 (33.3) 4/6 (66.7) 2/6 (33.3) 0/6 (0)
Dbi-870 8/16 (50.0) 6/8 (75.0) 12/16 (75.0) 2/16 (12.5) 2/16 (12.5)
Dbi-294 15/16 (93.8) 12/15 (80.0) 26/30 (86.7) 3/30 (10.0) 1/30 (3.3)
Dbi-490 14/16 (87.5) 12/14 (85.7) 26/28 (93.8) 2/28 (7.1) 0/28 (0)
Dbi-664 16/16 (100) 14/16 (87.5) 29/32 (90.1) 2/32 (6.3) 1/32 (3.1)
Dbi-362 10/16 (62.5) 8/10 (80.0) 18/20 (90.0) 1/20 (5.0) 1/20 (5.0)
Dbi-935 10/16 (62.5) 7/10 (70.0) 17/20 (85.0) 2/20 (10.0) 1/20 (5.0)
Dbi-683 5/16 (31.3) 2/5 (40.0) 7/10 (70.0) 2/10 (20.0) 1/10 (10)
Dbi-904 2/16 (12.5) 2/2 (100) 4/4 (100) 0/4 (0) 0/4 (0)
Dbi-957 8/16 (50.0) 6/8 (75.0) 13/16 (81.3) 1/16 (6.3) 2/16 (12.5)
Dbi0022 10/16 (62.5) 4/10 (40.0) 13/20 (60.0) 6/20 (30.0) 1/20 (5.0)
Dbi-868 9/16 (56.3) 5/9 (55.6) 14/18 (77.8) 4/18 (22.2) 0/18 (0)
Overall 174/272 (64.0) 132/174 (75.9)  300/348 (86.2)  37/348 (10.6)  11/348 (3.2)

ADO is allelic drop out.

FA is false alleles.
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Table 2.12. Fecal genotyping success and error rates by microsatellite locus
with final MgCl 2 concentration of 2.5mM per amplification reaction.

Locus oo vned () Genotypes (3 Alleles (s APO (0 FAGH
Dibi3 11/17 (64.7) 11/11 (100) 22/22 (100)  0/22 (0) 0/22 (0)
Dibi5 12/17 (70.6) 10/12 (83.3) 2224 (91.7)  2/24 (8.3) 0/24 (0)
Dibi9 15/17 (88.2) 12/15 (80.0) 27/30 (90.0)  3/30 (10.0)  0/30 (0)
Dibi15 15/17 (88.2) 8/15 (53.3) 22/30 (73.3)  3/30 (10.0)  5/30 (16.7)
Dibi22 13/17 (76.5) 11/13 (84.6) 23/26 (88.5)  2/26 (7.7)  1/26 (3.9)
Dibi24 12/17 (70.6) 8/12 (66.7) 20/24 (88.3)  4/24 (16.7)  0/24 (0)
Dibi25 10/17 (58.8) 5/10 (50.0) 14/20 (70.0)  4/20 (20.0)  2/20 (10.0)
Dibi26 15/17 (88.2) 12/15 (80.0) 27/30 (90.0)  3/30 (10.0)  0/30 (0)
Dibi27 8/17 (47.1) 6/8 (75.0) 14/16 (87.5) 2/16 (12.5)  0/16 (0)
Dibi32 11/17 (64.7) 8/11 (72.7) 18/22 (81.8)  3/22 (13.6)  1/22 (4.6)
Dibi34 3/17 (17.7) 0/3 (0) 1/6 (16.7)  3/6 (50.0)  2/6 (33.3)
Dibi48 13/17 (76.5) 11/13 (84.6) 24/26 (92.3)  2/26 (7.7) 0/26 (0)
Dibi49 9/17 (52.9) 6/9 (66.7) 15/18 (83.3) 3/18 (16.7)  0/18 (0)
Dibi50 6/17 (35.3) 5/6 (83.3) (ﬁ%g) 1/12 (8.33)  0/12(0)
Dibi51 10/17 (58.8) 9/10 (90.0) 19/20 (95.0)  1/20 (5.0) 0/20 (0)
Dibi56 11/17 (64.7) 10/11 (90.9) 21/22 (95.5)  1/22 (4.6) 0/22 (0)

ADO is allelic drop out.
FA is false alleles.
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Table 2.13 Fecal genotypingsuccess and error rateby sample with final MgCl2
concentration of 1.5mM per amplification reaction.

sample D a9 Genowpes () Allcles o AP0  FA(%)
Dbi-718 13/16 (81.3) 12/13 (92.3) 25/26 (96.2)  1/26 (3.9)  0/26 (0)
Dbi-667 9/16 (56.5) 5/9 (55.6) 14/18 (77.8)  3/18 (16.7) 1/18 (5.6)
Dbi-521 12/16 (75.0) 9/12 (75.0) 21/24 (87.5)  2/24(8.33) 1/24 (4.2)
Dbi-669 10/16 (62.5) 8/10 (80.0) 18/20 (90.0)  2/20 (10.0)  0/20 (0)
Dbi-847 11/16 (68.8) 7/11 (63.3) 18/22 (81.8)  4/22(18.2)  0/22(0)
Dbi-873 5/16 (31.3) 3/5 (60.0) 8/10 (80.0)  2/10 (20.0)  0/10 (0)
Dbi-870 8/16 (50.0) 4/8 (50.0) 11/16 (68.8)  4/16 (25.0) 1/16 (6.3)
Dbi-294 14/16 (87.5) 13/14 (92.9) 27/28 (96.4)  1/28(3.6)  0/28 (0)
Dbi-490 14/16 (87.5) 14/14 (100) 28/28 (100) 0/28 (0) 0/28 (0)
Dbi-664 14/16 (87.5) 13/14 (92.9) 27/28 (96.4)  1/28(3.6)  0/28 (0)
Dbi-362 9/16 (56.3) 5/9 (55.6) 14/18 (77.8)  4/18(22.2)  0/18 (0)
Dbi-935 8/16 (50.0) 6/8 (75.0) 14/16 (87.5)  2/16 (12.5)  0/16 (0)
Dbi-683 1/16 (6.3) 0/1 (0) 1/2 (50.0) 1/2 (50.0) 0/0 (0)
Dbi-904 0/16 (0) - - - -
Dbi-957 7/16 (43.8) 417 (57.1) 10/14 (71.4)  3/14 (21.4) 1/14(7.1)
Dbi0022 10/16 (62.5) 8/10 (80.0) 18/20 (90.0)  2/20 (10.0)  0/20 (0)
Dbi-868 9/16 (56.3) 5/9 (55.6) 14/18 (77.8)  4/18(22.2)  0/18 (0)
Overall 154/272 (56.6) 116/154 (75.3)  268/308 (87.0) 36/308 (11.7) 4/308 (1.3)

ADO is allelic drop out.
FA is false alleles.
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Table 2.14 Fecal genotyping success and error rates by microsatellite locus

with final MgCl 2 concentration of 1.5mM per amplification reaction.

Locus o e o) Genonpes ) Allsles(egy  ADOGH  FACK)
Dibi3 13/17 (76.5) 11/13 (84.6) 24/26 (92.3)  2/26 (7.7) 0/26 (0)
Dibi5 11/17 (64.7) 9/11 (81.8) 20/22 (90.9)  2/22(9.1) 0/22 (0)
Dibi9 13/17 (76.5) 12/13 (92.3) 25/26 (96.2)  1/26 (3.9) 0/26 (0)
Dibil5 10/17 (58.8) 7/10 (70.0) 17/20 (85.0)  3/20 (15.0)  0/20 (0)
Dibi22 11/17 (64.7) 10/11 (90.9) 20/22 (90.9)  1/22 (4.6)  1/22 (4.6)
Dibi24 0/17 (0) - - - -
Dibi25 12/17 (70.6) 5/12 (41.7) 17/24 (70.8)  6/24 (25.0)  1/24 (4.2)
Dibi26 10/17 (58.8) 9/10 (90.0) 19/20 (95.0)  1/20 (5.0) 0/20 (0)
Dibi27 12/17 (70.6) 7/12 (58.3) 19/24 (79.2)  5/24(20.8)  0/24 (0)
Dibi32 12/17 (70.6) 9/12 (75.0) 20/24 (83.3)  3/24 (12.5)  1/24 (4.2)
Dibi34 0/17 (0) - - - -
Dibi48 13/17 (76.5) 10/13 (76.9) 23/26 (88.5)  2/26 (7.7)  1/26 (3.9)
Dibi49 7/17 (41.2) 5/7 (71.4) 12/14 (85.7)  2/14 (14.3)  0/14 (0)
Dibi50 11/17 (64.7) 10/11 (90.1) 21/22 (95.5)  1/22 (4.6) 0/22 (0)
Dibi51 10/17 (58.8) 8/10 (80.0) 18/20 (90.0)  2/20 (10.0)  0/20 (0)
Dibi56 10/17 (58.8) 5/10 (50.0) 15/20 (75.0) _ 5/20 (25.0) __ 0/20 (0)

ADO is allelic drop out.
FA is false alleles.
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CHAPTER 3. GENETIC STRUCTURING AND REDUCED DIVERSITY OF
SUMATRAN RHINOCEROS (DICERORHINUS SUMATRENSIS

Abstract

The Sumatran rhinocerpgnce widespread across Southeast Asia, how consists of ca.
100 individualdargelyrestricted tdhree isolated populations on the island of Sumaloa.
studies have examined the population genetic structure of Sumatran rhinoceros using analyses
beyond nitochondrial restriction mapping techniqu&ven the requirement for substantial
management of the remaining Sumatran rhino populations in the wild araitubreeding
facilities, moreinformationregarding their genetic status needs to be availbleles,
mitochondrialcontrol regiorsequencefom individuals representing thmodernpopulation(N
= 13), were usedo estimate current levels of diversifio assess changes in genetic diversity
over time mitochondrial control region haplotypes from archivalseum samplg® = 25)
were sequence@®verall, a total of 1 mitochondrialcontrol regiorhaplotypesvere identified
with high haplotype diversityh(= 0.90). All samples identified &. s. sumatrens, the
subspeciewith the largest population siz@rmed asinglecluster containingenhaplotypes. Of
thetenhaplotypesthreewere shared between modern and museum sanptegiere unique to
the modern sample set, aiivk were restricted to the ,saum sample se&enetic diversity has
been lost as the population size decreased as evident by the presencehaiphotypes and
higherhaplotypediversityin theD. s. sumatrensisiuseums samples (H =8= 0.9)thanin the
modern samples (H = &;= 0.74) Additionally, microsatellitegenotypegrom the modern
samples indicated low diversity (A = 2.8p 0.28) Analysis of genetic structure suggesteel
presence ofhreedistinct genetic partitions consistionf individuals from the Malay Peninsula
andtwo distinct groups within the island of Sumaitappears that the observed genetic
differentiation isassociated with geographic bars&r gene flowpresent in the population
historically. Continued isolabn of small populations within the island of Sumatra will probably
result in further loss of genetic diversitiijginformation, provided by genetic analysis, is

required to makenformed management decisions
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Introduction

The Sumatran rhinoceroBiterorhinus sumatrensisvas once distributed across
Southeast Asia into the foothills of the Himalayan Mountains, but habitatdogded with
poachingandpopulation isolatiomesultedn substantial decreases in population $&eott et al.
2004; Zafir et al. 201; Havmgller et al. 2016 he current population estimated t@onsist of
fewer thanl00 individualgNardelli 2014; Havmagller et al. 2016fcupyingless than 1% of its
former ranggDinerstein 2011fFigure 3.1) Subspecie®. s. harrissonirestricted tahe island
of Borneq is comprised of an estimated 15 individuals in IndoneB@mea The population
formerly foundin theMalaysian state of Sabahow only occurs esitu and consists of three
individuals (Groves & Kurt 1972; van Strien et al. 2008; Emslie et al. 204f8¢r extensive
surveys found no sign of wild Sumatran rhinos in Malay&arneq the populationwas
declared extinct in the wild in 20XBlavmgller et al. 2016)The last twawild individuas from
this populationboth females, wereapturedn 2011 and 2014 and added to beeding
program.The second extant subspeciess. sumatrensjss found inisolated populations on the
island of Sumatra in Indonesi& {00individuals) The remaiimg D. s. sumatrensigmdividuals
comprise three populations in national parks (Gunung Leuser, Wapa&mnd Bukit Barisan
Selatan)six individuals compris¢he ex situbreeding program for this subspeciaghird
subspecieP. s. lasiotishas beemleclared extinct from its range states of India, Bhutan,
Bangladesh, and Myanmar.

In the past two decadése totalpopulation sizef this speciefas decreased by more
than 50%(Pusparini et al. 2015; Foundation 201Bgspite intense plannirand implementation
of variousmanagement efforthedrastic decline in Sumatran rhino populatit@as not been
stemmedDue to the number of problems plaguing the remaining Sumatran rhinoceros
populations a series of management strategies were outlined during the Sumatran Rhino Crisis
Summit(Havmgller et al. 2016nd in the Bandar Lampung Declarat{®dCN 2013) One key
issuethathasprecipitatedurther planning of managemesftforts forthis speciesvas the
realization that reportegstimates of population sizeavebeen inaccurate comparedthe actual
numbes of individuals Therestill remains a large amount of uncertainty in the census estimates
of Sumatran rhino populations due to inadequate coutdoimiques. Howeveriree more

realistic population estimates have been put fondnagement strategibave been revisited and
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a number of key actiordelineatedThe main actions, as outlined BHavmaller and colleagues
(2015), include placement of Riu Protection Unitsvhere there are breeding populations,
intensive management zones that include protection and monitoring, and enhancexeituof
breeding programs. Theaetions are all in the process of being implemented; however, there is
additioral room for improvement as funding and technolagyance

The breeding prografior Sumatran rhinos of particular importance but hasly
recently started resulting the production of offspringirtificial inseminationtechniques have
led to the productionf offspring in white rhinogHildebrandt et al. 2007; Hermes et al. 2009b)
Such atificial reproductivetechnologiesnay becomerucial componestofsurvivalfor the
Sumatran rhinepeciegGoossens et al. 2013jut they have not yet proven successful for
Sumatrans iex situbreedirg programs.The entireex situbreeding pogram consists of nine
rhinos. There are threedividuals representinDd. s. harrissonitwo femaleghatproduce eggs
but exhibitsevere reproductive tract patholagyd amalethat produces low quality sperm
Thus,while expertxontinue to pursue options and conduct resedrishunlikely that this
subspecies will successfully produce offsptingpugh natural mating\n additionalsix D. s.
sumatrensisndividuals three females and three mala parof thebreeding program
However, only one of the three females has produced offsamagall three of the males are
closely related to each othér.major concern for the futuia theex situbreeding program as a
wholeis the high incidence of sevetreproductive pathology femalescausingnfertility (Roth
2006; Hermes et al. 2009aJ his is particularly eviderih the remainindValaysian femalespf
whom, more thaB0%are affecteqHavmagller et al. 2016)rhese conditions may become an
issue in Indonesiaspopulation size decreasto the point that breeding events become;rare
lack of natural mating opportunities resultanincrease of reproductive conditions that lead to
infertility (Hermes et al. 2007; Hermes et al. 200@8spite the effort to protect natuyal
breeding population and bolst&x situbreeding program&umatran rhino populations continue
to decline and malgecome extindbefore conservation efforts are fully implemented

Anothermajorcomponenbdf the Sumatran Rhino Crisis Sumnaihd the Bandar
Lampung Declaratiors thedecision to manage tlentireremaining Sumatran rhin@opulation
inclusive of both subspeciess a single metapopulatiovhile thisstrategy has not yet bepnt
into action the national governments of Malaysia and Indonesia are prepared for collaboration

There is currently a deficit of genetic information that can be used to evaluetieerthe
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populations of the island of Sumatad Bornedruly represenbne or twoconservation units.
Earlier studies on the Sumatran rhino utiliredochondrial restriction mapping dataassess
population differentiation and to identify conservation u(siato et al. 1995; Morales et al.
1997) Amato et al. (1995) suggested that shdspeciepopulations were natifferentenough
to represent separatenservatia units. However Morales et al. (1997) fourdw genetic
divergence between the populations on the island of Sumatra @ @%iype sequence
divergence) and highelivergencewhich wasenough to justify management as separate
evolutionary lineagedetween the Borneo and other populations (1.0% haplotype sequence
divergence)The method used intheseprevious studies provide relatively little information on
true levels of differentiation between populations. Furttoeg they do not necessarily reflect
the patterns and relationships that may be seen whenrusstear geneticnarkers. Since results
from mitochondrial and nuclear genomes barnncongruengRoca et al. 2005; Ishida et al.
2011b)it is important to consider both for conservation management plaribé@spiteof the
paucityof geneticdatafor this species management strategy that tredtsSumatran
populations as one urtias been implementé@Goossens et al. 2013hterbreedingf these two
distinctsubspecies of Sumatran rhinoceros mesylts in théossof ageneticallyunique
evolutionary lineageand has the potential tesult in outbreeding depression or loss of local
adaptationgAllendorf et al. 2001; Edmands 200Fpr future conservation and management of
Sumatran rhinos, given their critically endangered status, decreasing population trend, and the
small, isolated nature of remain pdgtions, it is crucial to determiribe current genetic status
of the extant population

Understanding the population genetics of endangered species can be of tremendous
benefit to conservation management planning and implementation. A number of important
factors can baddressethrough genetic informatiolyet o date, little genetic resedérbas been
published on Sumatran rhinds.addition to the two studies that used mitochondrial markers,
Scott and colleagues (2004) optimized 10 polymorphic microsatellite loci in the Sumatran
rhinoceros; no published studies have utilized these maikerssearch on Sumatran rhinoceros
populationsOf primaryimportance in the Bandar Lampung Declaration is the condition that
Sumatran rhino populations should be monitored frequently and intensively through
collaborative efforts to detect population trerahd inform future management decisions.

Genetic analyseareof paramount importance for population monitoring and can provide
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estimates opopulation differentiationgensus sizadentification of conservation units,
phylogenetic relationships, assessinof theimpact of isolation and inbreeding on population
fithess anddetails aboupopulation historiedn order to successfully incorporate genetic
monitoring of endangered species into management plans, it is first necessary to know the
currentgenetic status of the species.

Herel report, for the first time, on the genetic diversity of Sumatran rhinoceros
populatiors usingboth nuclear microsatellite and mitochondrial mak&he overall goal of this
research was to elucidate how patterns oéidity have changed over time as the Sumatran
rhinoceros population has declined and to determimetherthere is structure within tHargest
extantsubspecied). s. sumatrensig o determine thig assessed mitochondrial haplotype
diversity in a set of samples representing the modern Sumatran rhino population and compared it
to mitochondrial haplotype diversitgentified in a set of archival Sumatran rhino beaeples
obtained from museumAdditionalmicrosatellite analysswereconducted oithe modern
samples to identify patterns of diversétgd subpopulation structurimg order to makénformed

managementecisions

Methods and Materials

Samples

To r epr es e n Sumatfarerhinbces pbrulatiorissue or blood samples were
obtainedfrom 15 individuals alive witim the past 8@ yearqTable 3.1) Whole blood samples
were collectedrom two Sumatran rhinoceros at the Cincinnati dadng routine veterinary
care; samples were collected in EDTA tubes to prevent clotting andréegn orrefrigerated
until DNA isolation (< 1 week from time of collectiorpther samples of whole blood or tissue
were kept frozen aR0°C after collectn until the time of extraction (Table 3.T)p represent
t he fAhi st o28Sandatran chipaublore samplasm ca. 1860° 1940 were collected
from numerous museums in North American and Eu(dpdle 3.2) DNA from four museum
samplesvas extracte prior to importation; DNA from all other historic samples was isolated
after arrival at the University of lllinois at UrbaiZthampaignSpecimen were imported from
international collaboratonsnderCITES/ESA Permit 14US84465A/9 and CITES COSE Permit
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12US757718/9 Endorsement for the proposed rhinoceros research was obtained from the
Association of Zoosrad Aquariums, and all work was conducted with IACUC approval
(protocol # 15053).

Sample preparation and DNA extraction

DNA was isolated fromvhole blood or tissusamples using Qiagen DNeasy Blood and
Tissue Kit(QIAGEN) acording tothe manufacturey secommendegrotocol. Sample
preparation and DNA extraction for museum specimens were completed in a designated ancient
DNA laboratory facilityat the University of lllinois at Urbar@hampaignBones were surface
decontaminated by submersion in bleachbforinutes, followed by three rinses in DNree
ddH0, and a final rinse in isopropanol. Samples were then dried in-aro8slinker for a
minimum of 10 minutes or until capletely dry. Approximately O of each bone wasushed
into small pieces or a fine powder using a mortar and pestle in a designated drillirapndood
collected in a sterile 15mL centrifuge tul#dl surfaces in the drillindiood and equipment were
sterilized between samples with 10% bleach and/or EiN#¥ollowed by at least 10 minutes of
exposure to UV light. Crushed samples waibated for 24 48 hours in 4rhof extraction
buffer 0.5M EDTA, 33.3ng/ml Proteinase K, 10%-lauryl sarcosingat 37°C. A negative
extraction control was includedith each set of samples. Thgtraction solutiortontaining
digested sample wascentrated to approximately 28Qising Amicon centrifuge tubes with a
30K molecular weight filter. Bmaining undigested bone fragments were kept at 4°C for future
extractions. Concentrated digest was put thrabgl®QIAquick PCR Purification kitQIAGEN)

two times and eluted in a final volume of 60ul.

PCRAmplification

An gpproximately 450 base panaigment of the mitochondrial control regiaas
amplified by polymerase chain reactidCR)in the modern samplesingpreviously published
primers(Campbell et al. 1995; Moro et al. 1998)dthe following mixturein 10ul reactions
with final concentrations of: OuM of each forward and reverserpgr, 0.2nM of each dNTP
(Applied Biosystems Inc. [ABI})1x PCR buffer, 1.52mM MgCl, and 0.4 units of AmpliTaq
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Gold DNA polymeras€ABI). Given the fragmented nature of ancient DMavel primerqF:
TGATTTGACTTGGATGGGGTA and R: TTGAGATACACCCCGCTATGYere designed to
amplify a 218 bp region of the Sumatran rhino mitochondrial contrameat is nternal to the
regionamplified in the modern samples. Amplificatiop PCRusedthe following mixturein
20ul reactionswith final concentrations of: 8uM of each forward and reverse primedrdM of
each dNTRNew England Biolabs [NEB])1x PCR buffer 5mM MgCl», and 075 units of
Platinum TadPNA polymeras€INVITROGEN). The PCR algorithm foall mitochondrial
control regiorreactionswas: initial denaturatioat 95°C for 9:45 min; 3 cycles of 20 sec at
94°C, 30 sec at 60°C, 30 sec at 728Cycles of 20 sec at 94°C, 30 sec at 58°C, 30 sec at 72°C;
5 cycles of 20 sec at 94°C, 30 sec at 56°C, 30 sec at 72°C; 5 cycles of 20 sec at 94°C, 30 sec at
54°C, 30 sec at 72°C; 5 cycles of 20 sec at 94°C, 30 sec at 52°C, 30 sec at 72°C; followed by 22
additional cycles with 50°C annealing and a final extension at 72°C for 7 min.

In addition,eighteerunpublished microsatellite étbdeveloped in Sumatran rhinos
(Disu542 Disu501, Disu556, Disu863, Disu448, Disu201, Disu847, Disu393, Disu733, Disul49,
Disu783, Disu50, Disu748, Disu476, Disul51, Disul27, Disa8@Disu582 were amplified in
the modern sampleAs described by Ishida et al. 20BXCR products were fluorescently labeled
using M13tailed forward primers (TGTAAAACGACGGCCAGT). A prien mix casisting of
8.5uM reverse primer, QubA of M13tailed forward primer, and 848/ of fluorescently labeled
M13 forward primer was used for PCR. Primer pairs veenplifiedby PCR performed in a 10
uL reaction mixture that includdthal concentrations o2mM MgCl., 200uM of each dNTP
(Applied Biosystems Inc. [ABI])1x PCR bufferand 0.4 unitef AmpliTag Gold DNA
Polymerase (ABI). Negative PCR controls were included with each PCR amplification. A step
down PCR algorithm was used with an initial 95°C fondi@; cycles of 15 sec at 95°C;
followed by 30 sec at 60°C, 58°C, 56°C, 54°C, 52°C (2 cycles at each temperature) or 50°C (last

30 cycles); and 45 sec at 72°C; and a final extension of 30 min at 72°C.

Mitochondrial Control Regiosequencingnd Analysis

MitochondrialPCR productsvith clear, singleamplicons of the expected size on an
ethidium bromide staine@igarose gelereenzymatically purifiedHanke & Wink 1994using
anExonuclease | anshrimp alkaline phosphataséExoSAP) reaction. Purified PCR products
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were Sangesequenceth both directionsusing the BigDye Terminator System (ABind
resolvedonan ABI 3730XL capillarysequencer at the University of Illinois at Urbana
Champaign Core Sequencing FacilResulting sequences were trimmed, concatenatet,

edited in the software SEQUENCHER (Gene Codes CorporaGomprol region sequences

from both modern and museum samples were trimmed to be the same length. Samples were
grouped as modern or museum fatial analyses; further categorization into gesqzhic region

of origin was done witim the museum sample det additional analyseS’he DNAsp v5

(Librado & Rozas 20090ftware was also used to estimate basic diversity indices, haplbjype (
and nuteotide () diversity.Due to the unequal sample size betweemthseumand modern
samples sets, where possible rarefaction was complstegl HRRARE v1.0 (Kalinowski

2005) Control region sequences were used to generate a rjettiang network usinghe

software NETWORK version 4.6(Bandelt et al. 1999)

Microsatellite Genotyping and Analysis

PCR amplification success microsatellite locivas checked on a 1% agarosesiained
with ethidium bromideSampleghat successfully amplédwere gnotyped on an ABI 373QL
Genetic Analyzer and scored using GENEMAPRBR software (ABI).Microsatellite
variability was assessed using the following parameters calculate8TAT, \2.9.3.2(Goudet
1995) GENEPOP, 4.0(Raymond & Rousset 19989nd GenAlExv6.1 (Peakall & Smouse
2006; Peakall & Smouse 2012umber of alleles per locus, expectetdnozygosity, and
observed heterozygositlyis values, estimating the reduction of heterozygasity to non
random mating, were calculated for all microsatellite ioésENEPOP, v.4.(Linkage
disequilibrium between pairs of loci using a-idgelihood ratio statistic was calculated with
FSTAT. Exact testéGuo & Thompson 1992)ere performed in GENEPOP to determine
whether each microsatellite locus within each populationiw&lardyWeinberg equilibrium
Probability that the nmréterscould distinguishindividual identity was calculated bypRand
Pipiny (Waits et al. 2001)dr each marker as well &stal Pp and Fbsin) values for all markers in
CERVUS, \B.0(Marshall et al. 1998; Kalinowski et al. 2007)

Bayesian clustering in STRUCTURR.3.3(Pritchard et al. 200@yas used to assess

patterns of genetic partitionirgmong Sumatran rhinoBour models with varying assumptions
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regarding individual ancestry and relatedness among populatenesmplemented. The four
models considered were: 1) admixture with correlated allele frequencies; 2) admixture with
independent allele frequencies; 3) no admixture with correlated allele frequencies; and 4) no
admixture with independent allele frequessciEach model was rainreetimes for values of K =

1 through K =6 with 1 million Markov chain Monte Carol steps and a burn in of 100,000 steps.
The most likely number of population clusters (K) was evalulayegkamining species biology
and through tw@ad hocmethoddsn STRUCTURE HARVESTEREarl & vonHoldt 2012) K
(Evanno et al. 20059nd bg probability of data, InP(OPritchard et al. 2000 factorial
correspondece analysis (FCA) was completed in GENETIX,02.2 (Belkhir et al. 196-

2004)to furtherassess the overall relationship asroalividuals in the population

Results

Mitochondrial Control Regionalysis

A total of 26 (93%)f the museum specimens yielded DNA of sufficient quality for PCR
amplification and sequencingrom the 15 modern samples 13 wereudeld in control region
analysis After alignment and trimming of priming sequences 177 bp of mitochondrial control
region was used for analysis. Among all samples combined a totald$tliicthaplotypes
(designated as Dg1Ds17)were identified with 3@nutations detectedhaplotype diversity was
0.90 andnucleotidediversity was 0.04QFigure 3.2; Table 3.3).

A medianjoining networkswvasgenerated to assess the relationships across the control
region haplotypeddaplotypes grouped by geographic region of origin, showing differentiation
between subspecids. s. harrissonandD. s. sumatrensi®rmed clusters by subspies that
were separated by five mutations (Figure 3rjividuals carrying haplotypes D$1Ds10
mainly originated from populations of subspedies. sumatrensiin Sumatra and Peninsular
Malaysia. Additionally, all samples of unknown origin werenitifeed as having haplotypes
within the Ds1i Ds10 subcluster; thus, they fall within known variatiorbof. sumatrensis
Haplotypedsl11 and Ds 12 wefeund in samplefrom Myanmar and Laos, respectively,
representing thextinct subspecie. s.lasiotis Most Bornean individuals from tleeibspecies

D. s. harrissonhad haplotypes Ds1i3Ds17. In one instance a museum sample recorded as
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being collected from Borneo carried haplotype Ds1, which is a common haplotype in the
subspecieP. s. sumatrens. There was no other evidence of haplotypes being shared among
subspecies.

Themoderndatasetcontaining onlysamples from theubspecie®. s. sumatrensjhad
a total offive distincthaplotypes identifiedn(= 0.74 ~ = 0.029 (Table 3.3) An estiméae of
historic haplotype diversity was calculated by excluding museum sampleshieddornean
subspecied. s. harrissoni andthe mainlandsubspecied}. s. lasioti3. The remaining museum
dataset (N = 17) contained a total adi8tincthaplotypest{=0.90 ~ = 0.032 (Table 3.3)
Three haplotyped)sl, Ds8, andDs9) were found in both the modern and museum samples sets.
Two haplotypesds4 andDs5) were found only in the modern sample set and 5 haplotypes
(Ds2, Ds3, D%, Ds8, andDs10) were restrictetb the museum samplésigure 3.3) To account
for unequal samples size between modern and museum dasasttstion analysiwas used
After rarefaction of the museum dataset to 13 samples an estimated 7.2 hapletgies

found.

MicrosatelliteAnalysis

Multilocus genotypes for 18 microsatellite loci were obtained from 13 individuals
representing thenodernpopulation.No linkagedisequilibriumat microsatellite loci was
detected aftecorrectionfor multiple comparisong < 0.0003. Two-tailed tess for departure
from HardyWeinberg equilibrium indiated significant deviation at dieci (p < 0.05) The
average number of alleles per locus was 2.8 and ranged from @verall mean bserved
heterozygosity was low (= 0.28) compared to expected heterozygosity£19.50, and
fixation index values were high overallE 0.44.

Genetic partitioning across the modern Sumatran rhino individuals was examined with
STRUCTURE. Ad hoc methods to determine the number ritipas provided support for a
varying number of clusters, with a minimum o&2d a maximum of 4. The best supported K
value using thelgK method was K = 2, regardless of model assumptions. When estimating the
most likely number of genetic partitions bdse LnP(D) values K = 3 was found for models
assuming independent allele frequenciesl K = 4 was best supported in models assuming

correlated allele frequencieko further identify the most likely number of genetic partitions we
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used the guideline p@brth by Pritchard and colleagues (2000) that information regarding the
geography of the study area must also be taken into consideration when assessing the potential
number of genetic clusters identified by STRUCTUR#®&portant differences in clustering
patternsvereidentifiedwhen the value of Kvas raised from K = 2 to K s8orresponding to

the biogeography of region inhabited by Sumatran rhiHosveverwhen the K value was

further increasetb K = 4no additional clustersere appareniAt K = 3, genetic distinctiveness
between rhinos from the island of Sumatra andhkay Peninsula was evide(figure 3.4)in

addition a clear partition was observed within individuals from Sumatiactor

correspondence analysis conducted using the sof@BNETIX supported the genetic

partitions estimated by STRUCTUREigure 3.5)

Discussion

This study is the first to investigate genetic diversityoss historic and modern
Sumatran rhingopulationsHigh amplification and sequencing success rate (8% 218 bp
portion of the mitochondrial control regiovas observed in the museum bone specimens
collected between 1860 and 19Zhus this studyshowsthat museum specimens can be a
valuable source of information on the diversity presehistoric rino populations; other
studies have likewise successfully used museum samples as a proxy for historic genetic diversity
(Leonard et al. 2005; Tsangaras et al. 20%38th specimens may be of particular artpnce
when there is limited availability of samples representing the modern population oextheh
populations are very small. In the case of the Sumaliaocerosfewerthan 100 individuals
are estimated to occur in the wikhd an additionatine Sumatran rhinos aheld inex situ
breeding facilitiegHavmagller et al. 2016)Jsing archival Sumatran rhinoceros specimens
allowed for the evaluation snge widehistoric genetic diversitgnd the comparisaio modern
levelsof diversity in a species that has experienced large scale declines.

Across a combined dataset including all Sumatran rhinoceros specimens (modern and
museumhigh haplotype diversity wadetectedH =17, h=0.90 ~ = 0.04). When sampling
was restricted tspecimens that were collected from Sumatra or peninsular Malaysia or clustered
with knownD. s. sumatrensimdividuals in the networkhaplotype diversity in the museum

specimensvas high (H =8, h=0.90 *~ =0.03 in comparison to the modeid. s. sumatrensis
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samples (H 5, h=0.74 " =0.02. Diversity within the museum sample set was higher (H =
7.2) than in the modern set even after rarefaction to adjust for differing sampl€lsize.of the
five haplotypes pres in the modern population were also identified in museum specimens
(Ds1, Ds7, and Ds9jhere were 2 haplotyp€Bs4 and Ds5jestricted to the modern population
and 5(Ds2, Ds3, Ds6, Ds8, and Dsl@ptricted to the historic sample set. The 2 haplotypes
restrictedto the modern population occur in low frequency andiledy missing from the
historic samples due tonited sampling thus, they arenlikely to bethe result of recent
mutations There has been a substantial loss of genetic diversitg imitochondrial genome as
the population has experienced significant declines. While other species that exhibit present day
low genetic diversity have historic populations with similarly low diver@italas,Tsangaras et
al. 2012 Tasmanian devildliller et al. 201}, this is notcasefor the Sumatran rhinoceroBhe
recent decline in Sumatrahino populationswhich has caused wide spread local extinctions
and loss of subspeciedsoresulted in decreadgenetic diversity.

Thesubstantial number ahutationswere foundoetween subspecies mitocluvial
control region haplotypes; thusgrroboratingpreviousstudiesthat have showdifferentiation
and genetic struare between Sumatran rhisabspeciesAmato et al. 1995; Morales et al.
1997) During the last glaciahaximumwhen sea levels were low, peninsular Maiaysd the
island of Borneo were connected by the Sunda $Hekliney 1991; Morales et al. 1997; Leonard
et al. 2015)despite this connectively it has been suggested that a semiarid corridor and river
basins may have prevented gene flow between thedemasseduring this timgMorley &
Flenley 1987; Morales et al. 1997The presence of a commbn s. sumatrensisaplotypen a
D. s. harrissonindividual indicatesthat historically mitochondrial haplotypes miagve been
shared between subspecidéthout analysis oadditional historical samples atfte modernD.
s. harrissonindividuals we are unable tesolve if haplotypeareoftenshared among
subspecieghough, considering thaurrentlysmall populatiorsizeand results from earlier
studiesit is unlikely. It is also possible that the recdad thesample of interestas incorrect or
that the sequence was the result of contamination as is common when working with ancient
DNA. Despite physical separatidor at least tethousandyearsl find, in agreement with
previous reportfAmato et & 1995; Morales et al. 199 Ahatmitochondrial haplotypesannot
be used to differentiateetweenndividuals fromthe Malay Peninsulandthe islands of

SumatraThe pattern of genetic relatedness obseagrdssSumatran rhinos, with populations
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from Sumatra and Peninsular Malaysia being more closely related to each other than they are to
populations on Borneo, @milar to pattern@monga wide range of species inhabititige Sunda
shelfregion(Leonard et al. 2015)

The current strategy of managing Sumatran rhinoceros populations aims to combine the
subspecies into one conservation @Havmaglleret al. 2016) This management plan may
drastically alter the genetic comjti@n of the extant populationsluclear microsatellite loci
were used to assess levels of genetic diversity widhisi sumatrensig his subspecies
exhibitedlow diversity (A = 2.8; kb = 0.28) as may be expectedhen populations are small and
isolatedfor multiple generationd.ow diversity may behe result of processes suchdait and
inbreeding which are common in small populations that have limited or no opportunity for gene
flow (Frankham 2005; Jamieson 201Bgviatiors from HardyWeinberg equilibrium at 6 loci
and a high fixation index value §= 0.44) are suggestive of subpopulation structuring within
the sample seDue to dack of available high quality samples from the subspd2ies
harrissonianalysiswas restricted tthe subspecieB. s. sumatrensis

Genetic clustering techniques shtwee distinct partitions, correlating gooups
consisting openinsular Malaysmaindividualsand twoclusterswithin the Sumatra island
individuals Based on the biogeographic history of the Susttif region in which Sumatra and
the Malay Peninsula have been isolated for about ten thousanddjarsntiation between
thesepopulationsat microsatellite locis expected Thesdandmasses, currently separated by the
narrow Malacca Straityereconnected during the Pleistocene and sepaktedthe last glacial
maximum (Heaney 1991; Morales et al. 1997; Leonard et al. 2@Eibyethe separation of
Sumatra and Peninsular Malaysiariationat microsatellite locilikely drivenby drift, has
accumulatedesulting in notable genetic distinction between the populations.

Thereis alsoevidence oktrongdifferentiation among the rhinos occupying the island of
Sumatra Geneticpartitionsappeato correspond tpopulations from east and w&aimatra
which areseparated by the Barisan Mountaifibe Barisan Mountainsunning the full length of
Sumatra north to southre a volcanic arc thatsbeen activéor millions of yearg{Morales et
al. 1997) thus, tleyrepresent a long term barrier to gene fl@entinued isolation of small
populations within the island of Sumatra will probably result itherrloss of genetic diversity.

To prevent further decline in getic diversityandto increase natural mating opportunities
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conservation effortshould focus omolsteing connectivitybetweerpopulationghat were
historicallyjoined

Genetic studiesan providgpowerfuldatathat isimperative for sounthanagemenf
endangered speci@suo et al. 2010; Jamieson 2015; McCartuMgistad & Shaffer 2015 )et,
implementation in conservation planning is limi€dankham 2010; Keller et al. 201®)ne key
gusstion that can beeadilyaddressewith the help ofgeneticdoolsis the assessment
management units and unique evolutionary lineggesndall 2009; Schwartz 2009; Oliver et al.
2014) With strongevidenceof geneticstructuringwithin thesubspecie®. s. sumatrensjseven
within the populations on the island of Sumat@jpled with the biogeographicstory of the
regionit is expecedthatbetween subspecies genetic differentiation will be substantial.
Nonethelesscurrent management plans aim to join the subspecies for treatment as one unit; this
will effectively eliminategenetic differences anderge two potentially unique evolutionary
lineageqAllendorf et al. 2001)Recent discovery ofpproximately 15 individals in three
populations in Indonesian Borneo gilepe for recovery of theubspecie®. s. harrissoni
independent ofiybridizationwith theD. s sumatrensimdividuals Further, in March of 2016 a
young femalevas captured in Indonesian Borneo darstu breeding purposdg$ioward 2016)
Information, such as that presented here, detailing the genetic structure within subspecies and
changes in genetic diversity over time in this species as a whole should be considered to advise
best management prams.Given the critically endangered status of the Sumatran rhinoceros
and the serious need for conservation efforts to be impyove genetic studies at the
population should be conducted.

This study is the first to include archival Sumatran rhinoceros specimens as a way to
determine historic levels of genetic diversity across the spétsasy mitochondrial control
region sequencdsom these samples, coupled with specimens from recenthgliimos,| find
evidence supporting the managemenbo$. harrissonandD. s. sumatrensias distinct
conservation units. Before subspecies are interbred, levels of differentiation and estimates of
divergence dates between the populations should theefunvestigatedVithout intervention to
stem further population decline and efforts to boost reproductive rates within subspecies the

Sumatran rhinoceros will continue to head towards extinction.
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Tables and Figures

Table 3.1. Sample information for Sumatran rhinos representing the modern population

Lab ID Sp_(?;ipn;en Name Sender Sex Eg;? S,EILLJJ?:')S;I( Location of Origin
Dsu-28 Blood Ipuh Cincinnati Zoo M 1980 28 Sumatra
Dsu-33 DNA Rami San Diego Zoo (ICR) F 1980 33 Sumatra
Dsu-35 DNA Tanjung  San Diego Zoo (ICR) M 1980 35 Sumatra
Dsu-29 DNA Emi Peter de Groot F 1988 29 Sumatra
Dsu-63 DNA Merah Peter de Groot F 1980 19 Peninsular Malaysia
Dsu-64 DNA Minah Peter de Groot F 1987 15 Peninsular Malaysia
Dsu-66 DNA Panjang Peter de Groot F 1983 13 Peninsular Malaysia
Ratu Skin Ratu Peter de Groot F 2000 46 Sumatra
TomFoose Skin - Peter de Groot - - wild Sumatra
24 Blood - Peter de Groot - - Unk Sumatra
25 Blood Dusun Peter de Groot F 1980 12 Peninsular Malaysia
126 Muscle Mahato Peter de Groot F 1980 24 Sumatra
128 Muscle - Peter de Groot - - unk Sumatra
4273 Muscle - Peter de Groot - - wild Sumatra
34965 Blood Barakas Peter de Groot F 1980 25 Sumatra

-- indicates information is unavailable.
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Table 32. Sample information for archival museum Sumatran rhinos representing the
historical population.

Sample Number Pssue Institution CoIIe(_:tion Collection
ype Location Year
539 Bone National Museum of Natural History of the Netherlands Borneo 1896
4947 Bone National Museum of Natural History of the Netherlands Sumatra 1941
19594 Bone National Museum of Natural History of the Netherlands Sumatra 1860
19595 Bone National Museum of Natural History of the Netherlands Sumatra 1883
19596 Bone National Museum of Natural History of the Netherlands Sumatra 1880
19-0311 Bone Palaeontological Museum Munich Borneo 1903
1908/571 Bone Palaeontological Museum Munich Borneo 1908
190312 Bone Palaeontological Museum Munich Borneo 1903
56616 Bone Natural History Museum of Bern Sumatra Unk
56618 Bone Natural History Museum of Bern Sumatra Unk
1880-1233 Tissue National Museum of Natural History (Paris) Unk Unk
1902-308 Tissue National Museum of Natural History (Paris) Unk Unk
1903-329 Bone National Museum of Natural History (Paris) Unk Unk
USNM198854 Bone National Museum of Natural History - Smithsonian Borneo 1914
USNM199551 Bone National Museum of Natural History - Smithsonian Borneo 1912
USNM102076 Bone National Museum of Natural History - Smithsonian Borneo 1900
1500 Bone Natural History Museum Vienna Unk 1884
3082 Bone Natural History Museum Vienna Unk 1910
4294 Bone Natural History Museum Vienna Unk 1873
7529 Bone Natural History Museum Vienna Unk 1920
8173 Bone Natural History Museum Vienna Laos 1904
29566 Bone Natural History Museum Vienna Sumatra Unk
29567 Bone Natural History Museum Vienna Sumatra Unk
29568 Bone Natural History Museum Vienna Unk Unk
AMNHA4-54763 DNA American Museum of Natural History Myanmar 1924
AMNH5-81892 DNA American Museum of Natural History Malaysia 1933
AMNH6-173576 DNA American Museum of Natural History Sumatra Unk
AMNH7-54764 DNA American Museum of Natural History Myanmar 1924
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Table 3.3. Genetic diversity of the Sumatran rhinoceros individuals
at the mitochondrial control region.

Sample Set N H h

Modern D. s. sumatrensis 13 5 0.74 0.02
Museum D. s. sumatrensis 17 (13) 8(7.2) 0.90 0.03
All museum 26 15 0.95 0.04
All 39 17 0.90 0.04

N is the number of samples.

H is the number of observed haplotypes.

h is haplotype diversity.

" is nucleotide diversity.

Rarefied values are shown in parentheses.
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Table 3.4. Genetic diversityof the modern Sumatran rhinoceros individualsat 18 novel
microsatellite loci.

Locus A Fis He Ho P Total Pp  Pipgsin) Total Pipsib)
Disu542 2 -0.091 0.212 0.231 0.65 0.6542 0.81 0.8115
Disu501 2 -0.063 0.508 0.538 0.38 0.2493 0.60 0.4879
Disu556 2 0.529 0.518 0.250 0.38 0.0939 0.60 0.2907
Disu863 3 0.040 0.480 0.462 0.35 0.0326 0.61 0.1762
Disu448 2 0.520 0.471 0.231 0.40 0.0131 0.62 0.1100
Disu201 2 0.842* 0.471 0.077 0.40 0.0053 0.62 0.0687
Disu847 4 0.445 0.545 0.308 0.30 0.0016 0.56 0.0387
Disu393 2 -0.200 0.323 0.385 0.52 0.0008 0.73 0.0281
Disu733 3 1.000* 0.537 0.000 0.31 0.0003 0.57 0.0160
Disul49 4 0.048 0.726 0.692 0.14 <0.0001 0.44 0.0070
Disu783 3 0.318 0.668 0.462 0.20 <0.0001 0.48 0.0033
Disu050 3 0.865* 0.551 0.077 0.33 <0.0001 0.57 0.0019
Disu748 3 0.104 0.428 0.385 0.41 <0.0001 0.65 0.0012
Disu476 3 0.286 0.532 0.385 0.29 <0.0001 0.57 0.0007
Disul51 2 0.442 0.271 0.154 0.58 <0.0001 0.77 0.0005
Disul27 3 0.514* 0.465 0.231 0.38 <0.0001 0.62 0.0003
Disu098 5 0.665* 0.725 0.250 0.14 <0.0001 0.44 0.0001
Disu582 3 1.000* 0.542 0.000 0.31 <0.0001 0.57 0.0001

Overall 2.83 0.440 0.499 0.284 -- -- -- --

A is the mean number of alleles per locus.

Fis the average deviation from Hardy-Weinberg proportions.
*statistically significant, p <0.05.

He is the mean expected heterozygosity.

Ho is observed heterozygosity.

Pip is the probability of identity.

Piosib) is the probability of identity between siblings.
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Figure 3.1 Map of the current distribution of Sumatran rhinoceros populations.

This mapshows &nd aredelonging toMalaysia, including northern Boeo and the Malay
Peninsula, highlighted ilght red around the edges, and Indonese&gions including southern
Borneo and the island of Sumatnéghlighted withlight yellow around the edgeApproximate
locations of the confirmed Sumatran rhinoceros populatiodgcatedn green consistof three
national parks on the island of Sumatra and one region of Indonesia BRagtons with
recently extirpated populations in Malaysian Bornee,Ntalay Peninsula and the island of

Sumatra are shown in rethis mapwasedited from IUCN and National Geographic

(www.iucnredlist.org)
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Figure 3.2 Median joining network of mitochondrial control region haplotypes from

modern and museum Sumatrarrhinoceros samples.

Each circlein the networlrepresentsne of the 17 uniqueitochondrial control region
haplotypes detected. Hash marks between haplotypes indicate the occurraotaiohs

Circle sizes areproportional to the number of rhinos camy each haplotypand are color coded
by sampling locationindividuals carrying haplotypes D$1Ds10 mainly originated from
populations in Sumatra (orange) and Peninsular Malaysia (redyy@amiembers of the
subspecieP. s. sumatrensiAll samples of unknown origin (yellow) were identified as having
haplotypes within the DsiL Ds10 subcluster; thus, they fall withHinownvariation ofD. s.
sumatrensisndividuals.HaplotypedDsl11 and Ds 12 werfeund in samplefrom Myanmar
(gray)andLaos(blue), respectivelyrepresenting theubspecie®. s. lasiotisBornean
individuals (green) from thsubspecie®. s. harrissonhad haplotypes Ds1i3Ds17, with the

exception of onsamplepotentially mislabeled as beifiggm Borneowhich hadhaplotype Dsl
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Figure 3.3.Median joining networks of mitochondrial control region haplotypes for
individuals within the putative D. s. sumatrensisubcluster separated into modern and
museum groups.

Each circlen the networlrepresents distinctmitochondrial control regiohaplotype; each

hash markndicatesa mutation Circles representing haplotypes are proportional to the number
of rhinos carrying each haplotypad are color coded by sampling locationm@tra (orange),
Peninsular Malaysia (red), and unknown (yelloWhree haplotypes, Ds1, Ds7, and Ds#&re
identified in both modern and musewsamples (names shown in boldaplotypes Ds4 and Ds5
were only identified in modern sateg whileDs2,Ds3, Ds6 Ds8, and Ds10 were only found in
museum samples. There were a total ofml@ationsamong haplotypes in modern samples and
19 mutationsamong haplotypes in museum samplése Borneomuseum specimen with

haplotype Ds1 was excluded from this analysis.
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